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obtained  from  this  study;  these  demonstrate  the  improvements  obtained  with  the 
new  approach. 


tCCuniTY  CLAUIfICATiON  OP  THIS  AAOXniliwi  0»tm  Enl*r*« 


Name  and  Address 


2  (each) 


Director  DASPA 

Attention:  Program  Management 

Defense  Advanced  Research  Projects  Agency 

1400  Wilson  Blvd. 

Arlington,  VA  22209 


1  (each)  Attention:  Dr.  Gary  J.  Dau 

Electric  Power  Research  Institute 
3412  Hillview  Avenue 
P.  O.  Box  10412 
Palo  Alto,  CA  94303 


1  (each)  Attention:  Dr.  Michael  J.  Buckley 

Rockwell  International  Science  Center 
1049  Camino  Dos  Rios 
P.  O.  Box  1085 
Thousand  Oaks,  CA  91360 


12  (each) 


Defense  Docimentation  Center 
Cameron  Station 
Alexamdria,  VA  22314 


FOREWORD 


Hhis  Is  the  Final  Technical  Report  under  the  subject  contract.  Dlls  research 
was  sponsored  the  Defense  Advanced  Research  Projects  Agency  under  DARPA 
Order  No.  3553,  Contract  No.  MOA903-78-C-0223,  monitored  by  Dr.  Michael  J. 
Ruckley . 


Effective  Date: 
Expiration  Date: 
Reporting  Period: 


15  March  1978 
15  March  1981 

15  March  1978  to  15  March  1981 


NOTE:  "The  vletrs  and  conclusions  contained  In  this  document  are  those  of  the 
authors  and  should  not  be  Interpreted  as  necessarily  representing  the 
official  policies,  either  expressed  or  implied,  of  the  Defense  Advanced 
Research  Projects  Agency  or  the  united  States  Government." 


11 


ABSTRACT 


A  conventional  pulse-echo  iaaglng  systsm  has  been  modified  to  operate  with  a 
linear  ultrasonic  array  and  associated  digital  electronics  to  collect  data 
frcm  a  series  of  defects  fabricated  in  aircraft  quality  steel  blocks.  A 
thorough  analysis  of  the  defect  responses  recorded  with  this  modified  system 
has  shotm  that  considerable  improvements  over  conventional  imaging  approaches 
can  be  obtained  in  the  crucial  areas  of  defect  detection  and  characterization. 
A  combination  of  advanced  signal  processing  concepts  with  the  Adaptive  Leeurn- 
ing  Network  (ALN)  methodology  forms  the  basis  for  these  improvements.  Use  of 
established  signal  processing  algorithms  such  as  temporzd.  and  spatial  beam- 
forming  in  concert  with  a  sophisticated  detector  has  provided  a  reliable 
defect  detection  scheme  which  can  be  implemcmted  in  a  microprocessor-based 
system  to  operate  in  an  automatic  mode.  It  is  shown  that  signal  features 
extracted  from  the  detected  responses  contain  diagnostic  information  which 
enables  the  defect  to  be  characterized  as  to  type,  orientation,  and  size. 
Direct  coa^arisons  are  made  betmen  conventional  defect  images  and  results 
obtained  from  this  study;  these  demonstrate  the  Improvements  obtained  with  the 
new  approach. 
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1 .  INTRODUCTION 


One  of  the  most  cannon  procedures  for  Identifying  the  presence  of  a  flaw  din 
metals  and  ceramic  >naterial  is  the  ultrasonic  pulse-echo  Inspection  technique 
(Wells,  1969).  Conventional  manual  scanning  procedures  presently  used  with  A- 
scan  flaw  detectors  provide  an  initial  indication  of  the  component  condition; 
however,  under  certain  circumstances  the  echo  returns  from  the  flaws  are  not 
easily  dlscernable  because  of  large  grain  boundaries,  atten\iation  or  absorp¬ 
tion  of  the  reflected  echo,  and  the  masking  of  the  defect  response  by  large 
gecmeticad.  reflectors.  Another  problem  area  which  deserves  attention  concerns 
the  siibjective  interpretation  of  the  recorded  data,  which  introduces  inconsis¬ 
tencies  that  adversely  impact  the  reliability  and  reproducibility  of  the 
inspection. 

The  objective  of  this  effort  has  been  to  dononstrate  that  the  problems  identi¬ 
fied  above  can  be  resolved  with  a  higher  degree  of  success  throuc^  the  use  of 
advanced  signed,  processing  and  adaptive  learning  network  methodologies.  Fr^ 
vious  work  in  this  area  has  demonstrated  the  advantages  offered  by  this 
approach  (Mucclardi,  1980).  In  addition  to  the  direct  improvements  obtained 
in  the  detectability  and  cheuracterization  of  the  flaw  responses,  it  should  be 
noted  that  the  procedures  developed  to  accomplish  these  objectives  can  and 
have  been  implemented  in  a  microprocessor-based  system  so  that  the  flaw 
characteristics  can  be  obtained  automatically  without  the  need  for  extensive 
operator  interpretation. 

The  various  components  comprising  the  data  acquisition  system  we  described  in 
Chapter  2.  the  procedures  employed  in  collecting  the  ultrasonic  signals  with 
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this  systSD  ars  prsssnted  in  detail  in  Chapter  3.  Chapter  4  contains  a 
discussion  of  the  signal  processing  and  detection  algorithms  used  to  Improve 
the  visibility  of  the  defect  responses.  The  feature  extraction  exercises  and 
adaptive  learning  netmorlc  models  determined  for  defect  characterisation 
purposes  are  identified  in  Chapter  5.  Conventional  pulse-echo  images  obtained 
from  the  defect  data  base  are  shown  in  Chapter  6,  along  «rith  isq^oved  Images 
obtained  through  more  sophisticated  techniques.  The  conclusions  of  this 
effort  are  summarized  in  the  final  chapter  trith  recommendations  for  future 
work  efforts. 
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2.  THE  UI.TSAS(»iZC  DMA  ACQUXSITXOM  SYSTBl 


2.  1  SyST«  OBSXGM  CONCEPT 

Tha  oltraaonic  data  acquisition  aystsB  dascribad  in  this  chaptar  is  cos^sad 
of  savaral  distinct  subaystsas.  Tha  dasign  concept  of  this  system  was  based 
on  tha  control  of  a  linear  array  through  use  of  a  series  of  interconnected 
microprocessors  which  allow  for  the  programmable  selection  of  active 
transmitting  and  receiving  elesents  within  the  array  as  well  as  for  the 
automatic  collection,  digitization,  and  interpretation  of  the  ultrasonic  SI7* 
nals  sensed  at  the  receiver. 

The  initial  design  was  based  on  cammercial  instnanentatlon  provided  by  the 
Electric  Power  Rssearch  Institute  (EPRX)  and  consisted  of  a  conventional 
pulse-echo  imaging  system  (Becker,  et.  al.,  1979).  This  system  was  modified 
by  Pacific  Northwest  Laboratories  (BNW)  through  the  construction  of  a  linear 
array  package  and  an  array  controller  with  a  prograamable  attenuator 
capability.  Adaptronics  tnen  interfaced  the  AU)  4000  Multi  Purpose  Processing 
^stem,  a  microprocessor-based  signal  acquisition  and  analysis  system,  with 
the  other  subsystems  to  obtain  digital  recordings  which  are  analyzed  for 
defect  characterization  purposes. 

A  block  diagram  of  tha  system  is  shown  in  Figure  2.1.  The  major  components  of 
the  data  acquisition  system  are  the  scanning  bridge  and  scanner  controller 
(EPRX),  the  array  package  and  array  controller  (BNW),  and  the  ALN  4000 
(manufactured  for  EPRX  by  Adaptronics).  The  ALM  4000  is  responaiJ>le  for 
supervising  the  activities  of  the  other  major  system  components  as  wall  as  for 
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BLOCK  DIAGRAM  OF  IHE  ALN  4000,  ARRAY  CONTROLLER  AND  SCANNING  BRID(X  SYSTEM 


'•v  ♦ 


starting  and  stopping  the  data  acquisition  and  ualysls  activities*  Each  of 
the  oujor  components  comprising  the  data  acquisition  system  Is  discussed  In 
detail  In  the  sections  vnhich  follow. 


2.2  SCANNING  BRIDGE  AND  CONTROLLER 


The  X-Y  scaxmer  covers  an  area  of  approximately  5  feet  x  3  feet  euid  positions 
the  ultrasonic  array  within  this  area  In  response  to  commands  provided  by  a 
Juplter-ZI  microprocessor  system.  A  photograph  of  the  scanning  bridge  Is 
shown  In  Figure  2.2.  Communication  between  the  Ain  4000  and  the  JUplter-Zl  Is 
accomplished  by  sending  a  set  of  specific  coouaands  from  the  ALN  4000  (in  the 
form  of  ASCZZ-coded  characters)  to  the  scanner  controller  over  a  serial  data 
link.  Zn  addition  to  this  computer-controlled  mode,  a  proportional- speed  joy 
stick  Is  provided  for  manual  scanner  positioning.  Ttie  scanner  speed  can  be 
set  to  a  maximum  of  6  Inches/second  or  any  binary  submultiple  (6.0,  3.0,  1.5, 
0.75,  ...)  to  a  mlnlmxim  of  6/2^^^.  A  single  rate  Is  used  for  both  axes  during 
an  automatic  scan  or  during  a  position  command,  ihe  current  (X,Y}  location 
can  be  requested  at  any  time  by  the  AZ2I  4000,  with  these  coordinates  always 
being  relative  to  the  point  within  the  scanning  area  where  the  axes  counters 
were  Initialized  to  zero.  A  set  of  13  different  commands  can  be  Interpreted 
by  the  controller  from  the  ALN  4000.  'Riese  Include  start  and  stop  commands, 
positioning  operations,  status  requests,  speed  settings,  and  current  position 
requests.  The  format  of  the  controller  response  to  each  command  or  request  is 
then  decoded  by  the  AIK  4000  to  guarantee  that  the  proper  action  has  been 
taken  by  the  scanning  bridge. 
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FIGURE  2.2;  PH0TCX3RAPH  OF  THE  EPRI  ULTRASONIC  IMAGING  SYSTEM 
HIGHLIGHTING  THE  X-Y  SCANNER 


2.3  ULTRASONIC  ARRAY  PACKAGE 


An  ultrasonic  array  package  was  fabricated  by  Battelle  Northwest  Laboratories 
for  use  in  this  project  (Posakony.  1978).  The  package  consists  of  two 
separate  arrays  vftiich  vnere  constructed  using  identiced  procedures.  The  char¬ 
acteristics  of  these  two  arrays  are  shown  in  Figure  2.3.  The  long  horizontal 
array  consists  of  1 14  individual  elements,  and  the  short  angled  array  contains 
eight  individual  elements.  A  diagram  illustrating  the  physical  dimensions  of 
the  individual  components  is  shown  in  Figure  2.4.  Each  element  is  0.20  inch 
wide,  0.20  inch  thick,  aind  0.50  inch  long,  with  the  center-to-center  spacing 
between  adjacent  elements  being  0.35  inch.  The  gaps  between  array  elements 
have  been  filled  with  an  absorptive  substance  which  minimizes  acoustic 
coupling  or  cross-talk.  The  entire  face  of  the  array  has  been  protected  by  a 
thin  layer  of  epoxy. 

<Bie  outboard  array  consists  of  eight  individual  elements  that  have  been  elec¬ 
trically  tied  together  to  function  as  a  single  transmitter/receiver  (#47).  A 
gonioneter  has  been  attached  to  the  outboard  array  to  obtain  accurate  auigular 
measurements.  The  inboard  array  is  composed  of  114  elements,  from  which  a  set 
of  47  has  been  selected  for  use  in  this  study.  The  association  between  the 
receiver  numbers  and  array  elements  is  shown  in  Figure  2.5.  The  receiver 
group,  32-37,  has  been  tied  together  and  functions  as  a  traunanitter/receiver 
grovp  within  the  inboard  array.  A  photograph  of  the  array  head,  goniometer, 
and  associated  electronics  is  shown  in  Figure  2.6. 

A  number  of  independent  tests  was  performed  by  both  BNH  auid  Adaptronics  to 
measure  the  performance  of  the  array  package.  The  relative  sensitivity  of  the 
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FIGURE  2.3:  CHARACTERISTICS  OF  THE  TEST  BLOCK  AND  THE  ULTRASONIC  ARRAYS 


figure  2.4:  DIAGRAM  OF  THE  ARRAY  CONSTRUCTION 


ARRAY 

ELEMENT 
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association  betwesh  beceiveb  numbers  and  linear  array  element  numbers 


elements  ccmprising  the  Inboard  eurray  was  determined  by  BNW  by  transmitting  a 
broad'-band  pulse  with  a  20  MHz  lithium  sulfate  treuisducer  through  a  water  path 
to  each  element*  Ibe  maximum  signal  amplitude  was  measured  for  each  receiver 
and  normalized  to  the  average  value  across  the  entire  linear  array  section. 
The  results  of  this  experiment  are  sxanmarized  in  Table  2. 1  for  each  receiver. 
The  normalized  responses  are  reasonably  consistent  and  do  not  exhibit  wide 
deviations  from  the  me2m  amplitude  value. 

A  more  stringent  test  of  the  array  performance  was  conducted  in  which  the 
recorded  signals  obtained  at  each  receiver  were  digitized  emd  emalyzed.  The 
procedure  employed  in  this  exercise  is  illustrated  in  Figure  2.7.  A  2  MHz 
transducer  was  positioned  at  the  bottom  of  the  plastic  water  tank  and  was 
pulsed  to  transmit  ultrasonic  energy  into  the  water  toward  the  linear  array. 
The  array  was  successively  positioned  using  the  X-F  scanner  so  that  each 
receiver  element  within  the  array  was  located  on  a  direct  path  with  the  trans¬ 
mitter.  'Rie  digitized  waveforms  at  selected  ruceiver  locations  are  shown  in 
Figure  2.8.  These  time-domain  responses  exhibit  very  consistent  characteris¬ 
tics.  A  further  check  is  shown  in  Figure  2.9,  \diich  illustrates  the  power 
spectra  coii;>uted  from  the  individual  time  waveforms.  The  spectra  shown  at 
receivers  44  and  45  indicate  a  slightly  higher  frequency  content  than  the 
other  array  elements.  This  is  probably  related  to  the  fact  that  these  receiv¬ 
ers  are  located  near  the  end  of  the  linear  array,  and  could  receive  reverbera¬ 
tions  which  superimpose  with  the  directly  arriving  energy. 

The  results  of  these  performance  evaluations  Indicate  that  the  individual  ele¬ 
ments  comprising  the  inboard  array  exhibit  consistent  time-domain  responses. 
This  observation  is  important,  since  the  analysis  of  these  recordings  ceui 
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TABLE  2.1:  NORMALIZED  RESPONSE  OF  LINEAR  ARRAY  RECEIVERS 


ELEMENT 

RESPONSE 

ELEMENT 

RESPONSE 

ELEMENT 

RESPONSE 

ELEMENT 

RESPONSE 

1 

1.04 

31 

1.12 

61 

.99 

91 

.97 

2 

1.04 

32 

1.08 

62 

1.00 

92 

.98 

3 

.97 

33 

.98 

63 

1.01 

93 

.98 

4 

.99 

34 

.99 

64 

1.02 

94 

.92 

5 

.97 

35 

.06 

65 

.98 

95 

.97 

6 

.96 

36 

1.02 

66 

.96 

96 

.92 

7 

.94 

37 

1.00 

67 

.96 

97 

.94 

8 

1.01 

38 

1.01 

68 

.94 

98 

.99 

9 

1.02 

39 

1.02 

69 

1.00 

99 

1.00 

10 

1.04 

40 

.99 

70 

.95 

100 

.94 

11 

1.07 

41 

1.00 

71 

.93 

101 

.91 

12 

1.09 

42 

1.02 

72 

.94 

102 

.95 

13 

1.07 

43 

1.02 

73 

.96 

103 

.92 

14 

1.97 

44 

1.00 

74 

.92 

104 

.91 

15 

1.05 

45 

1.01 

75 

.91 

105 

.94 

16 

1.05 

46 

.98 

76 

.92 

106 

.96 

17 

1.03 

47 

1.00 

77 

.94 

107 

.96 

18 

1.11 

48 

.99 

78 

.88 

108 

.94 

19 

1.13 

49 

1.06 

79 

.87 

109 

.93 

20 

1.09 

50 

1.08 

80 

.90 

110 

.93 

21 

1.10 

51 

1.08 

81 

1.06 

111 

.96 

22 

1.10 

52 

1.12 

82 

1.05 

112 

.97 

23 

1.09 

53 

1.05 

83 

1.07 

113 

1.01 

24 

1.08 

54 

1.02 

84 

.99 

114 

.91 

25 

1.06 

55 

.92 

85 

1.05 

26 

1.09 

56 

.93 

86 

.96 

27 

1.11 

57 

.93 

87 

.95 

28 

1.14 

58 

.93 

88 

.93 

29 

1.13 

59 

.95 

89 

-  .99 

30 

1.15 

60 

.97 

90 

.99 
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FIGURE  2.8:  WAVEFORMS  RECORDED  AT  VARIOUS  RECEIVERS  DURING  THE 

ARRAY  RESPONSE  TESTS  (Amplitudes  are  all  normalized 
to  unity) 
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Frequency,  MHz 


Frequency,  MHz 


FIGURE  2.9:  POWER  SPECTRA  CALCULATED  FROM  WAVEFORMS  RECORDED  DURING  THE 
ARRAY  RESPONSE  TESTS  (Spectra  are  all  normalized  to  unity) 
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proceed  knowing  that  the  receivers  are  unifom  and,  therefore,  differences  In 
the  recorded  waveforms  C2m  be  attributed  principally  to  physlceQ  processes 
rather  than  to  differing  receiver  characteristics* 


2.4  ARRAY  CONTROUiER 

A  custom  controller  Interface  was  designed  and  fabricated  by  BNH  to  provide 
progranmable  control  over  the  array  package.  This  controller  Is  linked  to  the 
ALN  4000  system  means  of  a  serial  RS-232  data  port.  Commands  are  sent  over 
this  link  by  the  ALM  4000  to  the  controller  and  echoed  back  for  confirmation. 
These  ccBunands  serve  to  select  the  array,  attenuator  settings,  and  pulser. 
The  controller  accepts  ASCII-coded  data,  reformats  the  code  Into  binary  form, 
and  sends  the  command  to  the  appropriate  subfvnctlon  for  Interpretation. 
Initialization  of  the  array  Is  accomplished  by  an  a-blt  command  used  to  select 
one  of  the  possible  47  receivers. 

The  receive  decoder  Is  composed  of  four  Identical  1-of-16  subdecoders  wt.lch 
are  each  linked  to  16  individual  elements.  All  four  subdecoders  have  inhibit 
features  vAilch  guarantee  that  only  one  receiver  Is  operational  at  any  given 
time.  The  1-to-47  decoder  Is  used  to  control  an  RF  mechemlcal  relay  vdilch 
couples  the  selected  array  receive  elanent  to  an  onboard,  low-noise  preampli¬ 
fier.  The  preamplifier  Is  broadband  (1-10  MHz)  and  has  a  gain  of  approxi¬ 
mately  50  volts. 

The  array  controller  also  provides  a  means  for  connecting  the  high-voltage 
spike  tremsmlt  pulse  to  either  the  Inboard  or  outboard  array.  The  received 
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ultrasonic  signal  Is  then  preamplified  euid  input  to  a  programmable  attenuator, 
nils  feature  is  required  to  prevent  saturation  of  the  analog-to-digital  con¬ 
version  in  the  ALN  4000.  Ibia  attenuator  can  be  set  in  1-dB  steps  over  the 
range  from  1  to  31  dB. 

The  received  aign2LL  is  sent  from  the  attenuator  to  the  S-80  Reflectoscope  sys¬ 
tem  which  is  used  for  postamplification  and  signal  display,  ^e  KF  waveform 
is  then  tranoaitted  to  the  ALN  4000.  A  photograph  of  the  array  controller  and 
array  package  is  shown  in  Figure  2.10. 


2.5  AZ2i  4000 

The  ALN  4000  Multi  Purpose  Processing  System  designed  and  fabricated  by  Adap- 
tronics  is  a  programnudsle  transient  data  acquisition  and  emalysls  instrument 
which  can  obtain  digital  data  in  either  led^oratory  or  field  environments.  Dual 
microprocessor  electronics  «u:e  provided  with  an  8-bit  analog-to-digital 
converter  having  software-selectable  sampling,  with  up  to  4096  samples  per 
transient  being  recorded  at  rates  between  156  kUz  emd  20  MHz.  The  AUI  4000 
Includes  separate  microprocessor  units  for  control  of  data  acquisition  and  for 
high-speed  data  processing.  A  powerful  processing  architecture  is  used  to 
eliminate  recordings  of  unneeded  data  and  preserve  only  significant  events  for 
later  recall.  A  hand-held  ke^joard  with  alphanumeric  display  (or  other  ASCII 
terminal)  allows  easy  interaction  between  the  user  and  the  ALN  4000  system.  A 
built-in  l8-column  alphanumeric  printer  is  used  for  instruction  verification 
and  data  tabulation.  Data  are  stored  on  dual  digital  tape  cartridges  with  a 
capacity  of  150  kilobytes  per  tape.  These  tape  cartridges  can  be  read  locally 
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FIGURE  2.10:  PHOTOGRAPH  OF  THE  MICROPROCESSOR  CONTROLLER,  THE 
PROGRAMMABLE  ATTENUATOR,  AND  THE  ARRAY  HEAD 


or  transf«rr«d  to  ottwr  conputar  ayataas  by  aaana  of  an  RS-232C  coBBunlcatlona 
link.  %a  AUi  4000  is  a  portabla  instrtaaant  and  is  containad  in  tm  anclo- 
suras  as  shown  in  Figura  2. 1 1. 

Tha  ALM  4000  uaad  in  this  prograa  providad  ths  ovarall  auparviaory  function 
for  tha  antira  data  collaction  procasa.  Casnaunication  batwean  tha  AUI  4000 
and  othar  subayataa  componants  visa  accoaplishad  through  laicroprocasaor  soft- 
wars  routinas  rasidant  in  tha  AUi  4000.  Spacial-purpoaa  softwara  for  signal 
dataction,  tasiporal  baamforaing,  and  othar  signal  procassing  algoritlns  wars 
prograsuned  and  inatallad  in  the  AUI  4000  to  assist  the  data  analysis  and 
interpretation  phases  of  this  prograa.  These  software  algorithas  will  be 
described  in  subsequent  sections  of  this  report. 

Tha  chapter  which  follows  presents  a  detailed  description  of  how  tha  AUI  4000 
was  used  to  collect  ultrasonic  signals  froa  vaurious  defect  types,  sises,  and 
orientations. 
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3.  [ATA  COLLECTIOH  PROCESS 


3. 1  INTRODUCTION 


The  data  acquisition  system  described  In  the  pirevious  chapter  vas  used  to 
collect  ultrasonic  signals  from  a  set  of  fabricated  defect  specimens*  'Rie 
characteristics  of  these  defects  as  well  as  the  procedures  employed  In  the 
data  collection  exercises  are  described  In  this  chapter* 


3*2  DEFECT  CHARACTERISTICS 


Three  types  of  machined  defects  were  selected  for  analysis  in  this  study:  EDM 
notches,  flat-bottom  holes,  and  round-bottom  holes*  These  categories  were 
chosen  because  they  were  felt  to  be  representative  of  real  flaws  encountered 
In  actual  field  applications*  A  total  of  16  different  sizes  and  two  ang\ilar 
orientations  were  fabricated  for  each  flaw  grouping* 

The  characteristics  of  the  flat-bottom  hole  specimens  are  presented  in  Table 
3*1*  Bach  hole  was  drilled  from  the  back  of  the  metal  block  to  a  depth  of 
approximately  0*5  inch*  The  diameters  of  the  flat-bottom  holes  listed  In  this 
table  represent  the  nominal  sizes  of  the  drills  used  In  the  fabrication  pro¬ 
cess*  The  actual  dlaowters  determined  from  rubber  replications  deviate  from 
these  design  values  by  a  few  mils*  The  diameters  considered  in  this  Investi¬ 
gation  range  from  1/64  inch  to  16/64  Inch  at  1/64  inch  Increments.  The  arti¬ 
ficial  flaws  were  drilled  at  orientations  of  0»  and  30*  with  respect  to  the 
vertical.  A  schematic  diagram  of  the  defect  locations  and  sizes  is  shown 
in  Figure  3.1  for  the  0*  flat-bottom  holes  and  in  Figure  3.2  for  the  30* 
specimens* 
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TABLE  3.1:  CHARACTERISTICS  CF  THE  FLAT-BOTTOH  HOLE  DEFECTS 


Flaw  #  Diameter  Angle 


Flaw  # 


FBH 

Di^uneter 


Angle 


Block 

1 

•016  inch 

0* 

2A 

2 

.031 

0 

3 

.047 

0 

4 

.063 

0 

5 

.078 

0 

6 

.094 

0 

7 

.109 

0 

1 

1 

8 

.125 

0 

Block 

17 

.016  inch 

30* 

3A 

18 

.031 

30 

19 

.047 

30 

20 

.063 

30 

21 

.078 

30 

22 

.094 

30 

23 

.109 

30 

24 

.125 

30 

Block 

9 

•  141  inch 

0* 

2B 

10 

.  156 

0 

11 

.172 

0 

12 

.  188 

0 

13 

.203 

0 

14 

.219 

0 

15 

.234 

0 

16 

.250 

0 

Block 

25 

.141  inch 

30» 

3B 

26 

.  156 

30 

27 

.172 

30 

28 

.  188 

30 

29 

.203 

30 

30 

.219 

30 

31 

.234 

30 

32 

.250 

30 

4" 


BLOCKS  2A.  2B 

FLAT  BOnOM  HOLES,  NORMAL  TO  SURFACE 


HOl£  OlAAAETERS  IN  1/64”: 

BLOCK  2A:  1,  2,  3.  4,  5.  6.  7.  8 
BLOCK  2B:  9.  10.  U.  12,  13,  14.  15.  16 


FIGURE  3.1:  DIAGRAM  OF  TEST  BLOCKS  2A 
BOTTOM  HOLES 


BLOCKS  3A.  3B 

FLAT  BOnOM  HOLES  30°  FROM  NORAftAL  TO  THE  SURFACE 

HOi£  DIAMETERS  IN  1/64”: 

BLOCK  3A:  1,  2,  3.  4,  5,  6.  7,  8 
BLOCK  3B:  9.  10,  11.  12.  13.  14.  15,  16 

FIGURE  3.2:  DIAGRAM  OF  TEST  BLOCKS  3A  and  3B  CONTAINING  30°  FLAT- 
BOTTOM  HOLES 


The  characteristics  of  the  round- bottom  hole  samples  are  simmarized  In  Table 
3«2.  onie  range  in  size  is  the  same  as  that  discussed  for  the  flat-bottom 
holes*  Die  process  used  in  fabrication  of  the  round-bottom  hole  flaws 
involved  the  use  of  spheroidal  dental  burrs  to  obtain  hemispherical  reflec¬ 
tors*  Ihe  actual  diameters  measured  from  rubber  replications  indicate  a 
variation  of  a  few  mils  from  the  nominal  values  listed  in  Table  3*2*  It 
should  eU.so  be  noted  that  the  dental  burrs  used  in  the  fabrication  process  did 
not  provide  a  smooth  hemispherical  surface,  especially  for  the  smaller 
diameter  holes*  The  round-bottom  holes  were  drilled  at  angles  of  0*  and  30* 
from  the  normal  to  the  surface*  Diagrams  of  the  0*  holes  are  presented  in 
Figure  3*3  and  in  Figure  3*4  for  the  30*  holes* 

The  lengths  and  depths  of  the  EDM  notch  samples  are  id'  ntified  in  Table  3*3* 
In  the  case  of  the  notch  defects,  two  length- to- depth  ratios  were  obtained 
(3:1  and  5:1)*  The  depth  values  vary  from  10  mils  to  80  mils  at  10  mil 
increments*  ttie  actual  dimensions  obtained  from  the  replicas  differ  from  the 
specified  values  by  ±2  mils  in  depth  euid  ±5  mils  in  length.  Ihe  actual  widths 
of  the  EDM  notch  specimens  are  on  the  order  of  a  few  mils*  The  schematic 
representations  of  the  0*  notches  and  the  30*  notches  are  shown  in  Figures  3*5 
and  3*6,  respectively* 

Each  of  the  96  defects  described  above  was  machined  in  test  blocks  of  aircraft 
quality  4340  steel  plate*  C-scan  images  were  obtained  from  each  of  the  12 
test  blocks  to  determine  the  level  of  acoustic  background  reflectors*  These 
tests  were  performed  using  a  5  MHz  transducer  with  a  focal  length  on  the  order 
of  four  inches*  A  3/64  inch  flat-bottom  hole  ASTM  test  block  was  used  as  a 
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TABLE  3.2:  CUABACTERISTICS  CF  THE  ROUND-BOTTCM  HOLE  DEFECTS 


Flaw  # 

BBU 

Diameter 

Anqle 

Flaw  # 

RBU 

Diameter 

Anqle 

Block 

33 

•016  Inch 

0» 

Block 

49 

.016  Inch 

30« 

4A 

5A 

34 

.031 

0 

50 

.031 

30 

\  • 

35 

.047 

0 

51 

.047 

30 

36 

.063 

0 

52 

.063 

30 

37 

.083 

0 

53 

.083 

30 

38 

.098 

0 

54 

.098 

30 

39 

.109 

0 

55 

.109 

30 

40 

.128 

0 

56 

.128 

30 

Block 

41 

.142  Inch 

0* 

Block 

57 

. 150  Inch 

30® 

4B 

5B 

42 

.158 

0 

58 

.158 

30 

43 

.177 

0 

59 

.177 

30 

44 

.189 

0 

60 

.  187 

30 

45 

.202 

0 

61 

.206 

30 

46 

.224 

0 

62 

.224 

30 

47 

.239 

0 

63 

.234 

30 

48 

.287 

0 

64 

.287 

30 

BLOCKS  5A.  58 

ROUND  BOTTOM  HOlfS,  30®  FROM  NORMAL  TO  THE  SURFACE 

HOLE  DIAMETERS  IN  1/64”; 

BLOCK  5A:  I.  2.  3.  4,  5.  6,  7,  8 
BLOCK  5B;  9.  10.  11.  12.  13.  14.  15.  16 

FIGURE  3.4:  DIAGRAM  OF  TEST  BLOCKS  5A  and  5B  CONTAINING  30°  ROUND- 
BOTTOM  HOLES 


TABLE  3.3:  CHARACTERISTICS  CP  THE  EEM  NOTCH  IXFBCTS 


Flaw  #  Angle  Oimension* 


Flaw  #  Angle  Dimension* 


Block 

65 

0* 

10 

X 

30 

6A 

66 

0 

20 

X 

60 

67 

0 

30 

X 

90 

68 

0 

40 

X 

120 

69 

0 

50 

X 

150 

70 

0 

60 

X 

180 

71 

0 

70 

X 

210 

72 

0 

80 

X 

240 

Block 

81 

30* 

10  X  30 

7A 

82 

30 

20  X  60 

83 

30 

30  X  90 

84 

30 

40  X  120 

85 

30 

50  X  150 

86 

30 

60  X  180 

87 

30 

70  X  210 

88 

30 

80  X  240 

Block 

73 

0* 

10  X  50 

6B 

74 

0 

20  X  100 

75 

0 

30  X  150 

76 

0 

40  X  200 

77 

0 

50  X  250 

78 

0 

60  X  300 

79 

0 

70  X  350 

80 

0 

80  X  400 

Block 

89 

30* 

10 

X  50 

7B 

90 

30 

20 

X  100 

91 

30 

30 

X  150 

92 

30 

40 

X  200 

93 

30 

50 

X  250 

94 

30 

60 

X  300 

95 

30 

70 

X  350 

96 

30 

80 

X  400 

*Dlmenslons  represent  DEPTH  x  LENGTH  IN  10**^  INCHES. 
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reference  reflector.  Ihe  majority  of  the  4340  test  blocks  have  nondefect- 
related  reflectors  that  cure  generally  below  the  amplitude  level  obtained  from 
the  reference  3/64  inch  diameter  flat-bottom  hole. 

A  typical  C-scan  display  representing  block  SB  is  shown  in  Figure  3.7.  This 
block  contains  a  set  of  30*  round-bottom  hole  defects  of  diameters  from  9/64 
inch  to  16/64  inch.  It  is  obvious  frcm  this  illustration  that  the  intrinsic 
reflectors  all  lie  well  above  the  reference  threshold.  In  addition,  it  can  be 
seen  that  the  C-scan  image  also  correlates  well  with  the  actual  round-bottom 
hole  diameters.  ‘ 

However,  in  a  few  cases,  the  C-scan  images  presented  a  much  more  cluttered 
picture.  An  example  is  shown  in  Figxire  3.8,  which  represents  the  scan  of  test 
block  4A  (0*  round-bottom  holes  of  diameters  1/64  inch  to  8/64  inch).  'Rie 
write  level  used  in  this  illustration  was  set  3  dB  below  the  ^ullplitude  of  the 
3/64  inch  diameter  round-bottom  hole  in  the  block.  At  this  sensitivity,  the 
background  reflectors  are  clearly  visible  and  mask  the  smaller  diameter  round- 
bottom  hole  reflectors.  This  observation  is  typical  of  the  4340  rolled  plate 
steel  and  most  likely  represents  precipitates  of  the  alloying  elements  used  to 
provide  increased  strength  and  hardness  to  the  material. 

Referring  again  to  Figure  3.8,  it  should  be  noted  that  the  round-bottom  hole 
sizes  inferred  from  the  C-scan  do  not  increase  monotonlcally  with  actual 
dieuneter  measurements.  The  reason  for  this  anomaly  is  related  to  the  obser¬ 
vation  made  earlier  concerning  the  roughness  of  the  hemispherical  shapes. 
Visual  inspection  of  the  replicas  of  this  block  indicates  that  small  flat 
zones  and  other  anomalies  are  present  which  tend  to  distort  the  acoustic  echo 


FIGURE  3.7:  C-SCAN  OF  TEST  BLOCK  5B  (#9-16  RBH,  30°  Orientation)  USING  A 
5.0  mz  TRANSDUCER  WITH  A  4.0  INCH  FOCAL  LENGTH 


FIGURE  3.8:  C-SCAN  OF  TEST  BLOCK  4A,  (#1-8  RBH,  0°  Orientation)  USING  A 
5.0  MHz,  2.0  INCH  FOCAL  LENGTH  TRANSDUCER.  WRITE  LEVEL  WAS 
3  dB  BELOW  THE  AMPLITUDE  OF  THE  3/64  INCH  RBH  REFLECTION 
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r«flecti.oii8<  Ih*  lapllcations  of  this  observation  are  addressed  in  more 
detail  in  the  signal  analysis  portions  of  this  report* 

nie  12  test  blocks  containing  the  96  defects  described  in  this  section  were 
used  in  collecting  ultrasonic  waveforms  that  were  subsequently  euialyzed  for 
defect  characterization  purposes*  ‘file  section  which  follows  describes  the 
procedures  employed  in  collecting  waveforms  from  these  defect  specimens. 


3.3  DATA  COIXECTZON  PROCEDURES 


The  data  acquisition  system  discussed  in  Chapter  2  was  used  to  collect  ultra¬ 
sonic  signals  from  the  defect  specimens  in  the  veurious  test  blocks.  The  key 
components  of  the  system  with  regard  to  the  data  collection  effort  were  the 
ultrasonic  array,  the  treuismitter/receiver  controller,  the  scanner,  and  the 
ALN  4000.  Each  of  these  components  has  been  previously  described.  In  this 
section  the  use  of  these  various  subsystems  in  the  actual  data  collection 
exercises  is  outlined  and  discussed. 

The  purpose  of  the  linear  ultrasonic  array  was  to  allow  the  reflected,  dif¬ 
fracted,  and  mode-converted  energy  to  be  obtained  over  a  wide  aperture  for  use 
in  the  defect  characterization  tasks.  To  maintain  this  philosophy,  two 
general  methods  were  utilized  in  the  data  collection,  depending  on  the  type 
and  orientation  of  the  defect  under  study.  file  0*  flat-bottom  and  round- 
bottom  holes  were  insonified  using  the  inboard  transmitter  (TI).  The  ultra¬ 
sonic  signals  recorded  from  the  angled  holes  and  both  the  0»  and  30*  EDM 
notches  were  obtained  using  the  outboard  transmitter  (TO).  The  reasoning 
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behind  these  procedures  wes  inalnly  a  result  of  the  geametrical  properties  of 
the  defects  in  question.  A  better  physical  description  of  the  geonetrical 
influence  is  illustrated  schesatically  in  Figure  3.9  for  the  0*  hole  case  and 
in  Figure  3.10  for  the  0*  EOM  notch  case.  Examination  of  the  0*  hole  repre¬ 
sentation  of  Figure  3.9  illustrates  that  the  main  back  reflections  are  concen¬ 
trated  near  the  inboard  transmitter  while  the  diffracted  energy  is  scattered 
to  other  regions  in  the  linear  array.  The  ECM  notch  example  depicted  xn 
Figure  3.10  shows  that  the  main  reflections  are  directed  back  toward  the 
outboard  trananitter,  because  of  the  strong  corner  reflections  generated  by 
the  back  surface  of  the  test  block.  The  diffracted  signals  from  the  crack  tip 
are  scattered  to  other  receivers  located  within  the  inboard  linear  array.  It 
can  also  be  shown  that  the  angled  hole  and  notch  defects  would  exhibit 
radiation  patterns  similar  to  those  presented  in  Figure  3. 10.  The  considera¬ 
tion  of  these  geometrical  properties  influenced  the  procedures  used  in 
collecting  data  on  the  ultrasonic  fields  radiated  from  the  various  defect 
types  and  orientations. 

The  first  step  in  the  data  collection  process  involved  selection  of  the 
appropriate  transmitter  for  defect  Insonif ication.  As  noted  above,  this 
decision  was  made  on  the  basis  of  the  defect  type  and  its  anguleu:  orientation. 
FOr  0*  hole  defects,  the  inboard  transmitter/receiver  was  selected.  In  all 
other  cases,  the  outboard  trananitter/receiver  was  used.  After  the 
appropriate  transmitter/receiver  had  been  designated,  the  operator  proceeded 
to  move  the  X-Y  scanner  around  the  flaw  of  interest  and  located  the  position 
at  which  the  amplitude  of  the  echo  was  a  maximum.  The  pulse-echo  recording 
was  then  digitized  by  the  ALN  4000  and  written  to  a  tape  cartridge  along  with 
other  appropriate  information  (defect  nvmber/  attenuator  settings,  etc.).  The 
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operator  could  then  request  that  recordings  be  obtained  at  other  receiver 
positions  within  the  array.  At  his  ccmaand,  these  additional  recordings  were 
also  digitized  and  written  on  the  tape  cartridges.  Ihe  X-Y  scanner  was  not 
repositioned  during  these  operations,  since  any  movement  would  alter  the 
transmitter/receiver  geometry  2md  hence  the  diffracted  field.  At  the  conple- 
tion  of  the  data  collection  exercises,  the  tape  cartridges  were  treuisferred  to 
an  off-line  Data  General  Eclipse  computer  system,  where  the  digital  waveforms 
were  decoded,  reformatted,  and  written  to  a  standard  9-traclc  tape  for  further 
detailed  analyses.  A  block  diagram  representation  of  the  data  collection 
process  Is  shown  In  Figure  3.11,  which  Identifies  the  decisions  and  procedures 
Involved  In  this  task.  In  general,  a  total  of  20  waveforms  was  collected  for 
each  of  the  96  Individual  defects  considered  In  this  study. 

The  individual  waveforms  were  digitized  at  a  rate  of  20  points  per  microsecond 
to  obtain  a  total  recording  of  1024  points,  which  represented  a  time  duration 
of  51.2  microseconds.  This  digitization  rate  yielded  approximately  eight 
points  per  cycle  at  the  center  frequency  of  the  tramsducer.  The  time  duration 
was  sufficient  to  allow  the  digitization  to  begin  at  the  arrival  of  the  front 
surface  reflection  from  the  teat  block  and  to  continue  until  the  defect 
response  returned  to  the  receiver  location.  Examples  of  ultrasonic  data 
collected  from  the  various  defect  types  are  presented  and  discussed  In  more 
detail  In  the  chapter  which  follows. 
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FIGURE  3.11:  BLOCK  DIAGRAM  ILLUSTRATION  OF  DATA  COLLECTION 
PROCEDURES 
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4.  DETECTION  OF  DEFECT  RESPONSE  SIOIALS 


4. 1  INTRODUCTION 


The  ultrasonic  waveforms  collected  frcn  various  defect  types«  sizes,  and 
orientations  were  subjected  to  a  wide  vciriety  of  signal  processing  algorithms 
during  the  course  of  this  project,  ‘these  algorithms  cem  be  divided  into  two 
main  categories,  those  used  for  signal  enhancement  purposes  and  those  used  in 
extracting  features  from  the  defect-related  responses,  Sie  purpose  of  this 
chapter  is  to  describe  the  procedures  and  techniques  used  in  detecting  and 
isolating  the  portions  of  the  digitized  waveforms  which  were  related  to  the 
machined  defects.  The  first  topic  of  discussion  in  this  chapter  is  concerned 
with  developing  the  procedures  used  in  separating  responses  due  to  geometrical 
reflectors  from  those  related  to  the  actual  defects.  Subsequent  sections 
discuss  the  techniques  employed  to  increase  the  signal-to-nolse  ratio  of  the 
recorded  waveforms  as  well  as  the  algorithm  used  in  the  signal  detection 
exercise. 


4,2  GECMETRICAL  CONSIDt  'ONS 

In  most  ultrasonic  data  collection  exercises,  the  analyst  is  faced  with  the 
challenge  of  overcoming  two  major  problem  areas.  Hie  first  involves  the 
detection  of  signals  in  the  presence  of  background  noise.  Hie  second  concerns 
the  assignment  of  these  detections  into  one  of  two  categories,  those  related 
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to  the  gecxnetry  of  the  specimen  being  Inspected  and  those  related  to  defects 
in  the  test  object.  This  second  problem  area  will  be  addressed  in  this 
section  by  describing  the  procedures  employed  in  this  stuiy  for  making  the 
distinction  between  geometrical  and  defect-related  responses. 

The  detection  approach  selected  for  use  in  this  study  involved  the  identifica¬ 
tion  of  an  echo  or  signal  recorded  in  the  pulse-echo  mode  in  which  the  array 
element  acted  as  both  a  transmitter  and  a  receiver.  The  ultrasonic  array 
constructed  for  this  investigation  consisted  of  two  trcuismitter/receiver  (T/R) 
pairs,  an  outboard  (TO)  and  an  inboard  (TI)  T/R.  The  geometrical  considera¬ 
tions  associated  with  each  T/R  pair  are  quite  different  and  are  discussed 
separately  below. 

A  schematic  illustration  of  the  test  block  and  the  outboaurd  T/R  is  shown  in 
Figure  4.1.  The  outboard  transmitter  emitted  a  corapressional  wave  into  the 
water  bath  at  an  angle  of  16*.  This  propagating  energy  was  converted  into  a 
shear  wave  at  the  water/metal  interface.  This  shear  wave  entered  the  metal 
specimen  at  an  angle  of  36®  from  the  vertical  and  propagated  through  the 
block.  During  this  process,  the  shear  wave  encountered  numerous  Interfaces 
where  the  energy  was  reflected,  refracted,  and  diffracted.  The  reflected 
signals  were  recorded  at  the  outboard  receiver  and  then  analyzed  to  determine 
which,  if  any,  of  the  reflections  were  defect-related. 

Examples  of  pulse-echo  recordings  obtained  from  specific  defect  types  using 
the  outboard  treuismitter/receiver  are  shown  in  Figure  4.2.  Severed  large 
amplitude  reflections  can  be  seen  on  each  of  these  individual  recordings.  Uie 
first  largo  amplitude  arrival  on  each  waveform  corresponds  to  the  front 
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FIGURE  4.1:  SCHEMATIC  ILLUSTRATION  OF  THE  OUTBOARD  TRANSMITTER 
AND  TEST  BLOCK  GECMETRY 
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30®  PLAT-BOTTOM 
HOLE,  10/64" 


30°  ROUND-BOTTOM 
HOLE,  10/64" 
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30°  EDM  NOTCH 
40x120  MILS 


0°  EDM  NOTCH 
80x240  MILS 


FIGURE  4.2:  EXAMPLES  OP  PULSE-ECHO  RECORDINGS 
OBTAINED  FROM  THE  OUTBOARD  ARRAY 


surface  reflection  from  the  top  of  tho  test  specimen.  At  first  glance,  it 
would  appear  that  no  direct  reflection  would  be  recorded  because  of  the  non- 
vertical  Incident  angle  of  the  trsinsmitter ;  however,  the  angular  response  of 
the  outboard  transmitter  shown  in  Figure  4. 3  illustrates  that  a  large  amount 
of  ultrasonic  energy  is  emitted  from  the  trcmsducer  which  propagates  vertical¬ 
ly  downward  and  is  reflected  directly  back  toward  the  tr2uismitter .  In  fact, 
the  detection  of  this  first  arrival  allows  the  vertical,  distance  between  the 
trcuismitter  and  the  top  of  the  specimen  to  be  calculated  as: 


T  *  V 
W  W 


(4.1) 


Where  is  the  vertical  water  depth,  V„  is  the  velocity  of  sound  in  water 
(1.48  mm/^sec)  and  is  the  arrival  time  of  the  front  surface  reflection 
relative  to  the  transmit  time.  The  other  arrivals  illustrated  on  the  record¬ 
ings  shown  in  Figure  4.2  can  be  equated  with  a  metal  depth  according  to  the 
relationship: 


(Tm  -  T^)  Vj,  cos  ij; 


(4.2) 


where  Tm  “  the  time  of  the  arrival  in  question,  measured  relative  to  the  time 
the  sound  entered  the  metal,  is  the  shear  wave  velocity  of  sound  in  the 
metal  (3.14  mm/ysec)  and  if)  is  the  angle  of  incidence  (36”). 


A  direct  comparison  of  the  EQM  notch  arrival  times  with  those  of  the  cuigled 
hole  specimens  shown  in  Figure  4.2  indicates  that  the  hole  responses  arrived 
earlier  than  those  of  the  notch  defects.  This  time  difference  is  related  to 


both  the  geometrical  properties  of  the  two  reflector  types  and  to  the  manner 
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AMPLITUDE  RESPONSE 


FIGURE  4.3:  ARRAY  SOUND  FIELD  DISTRIBUTION  AS  A 
FUNCTION  OF  ANGULAR  POSITION 


4-6 


in  i4iich  the  defect  types  were  fabricated.  'n^e  responses  from  the  EDM  notch 
samples  arrived  at  times  which  corresponded  to  the  block  thickness;  however, 
the  hole  samples  were  drilled  to  a  depth  of  approximately  1/2  inch  from  the 
back  surface  of  the  block.  Therefore,  the  ultrasonic  returns  from  the  tops  of 
the  hole  defects  arrived  much  earlier  at  the  receiver  because  of  the  shorter 
travel  paths  in  the  metal  specimen. 

An  analysis  of  the  geometry  of  the  data  collection  process  for  the  outboard 
T/R  can  provide  a  bracket  around  the  time  at  which  an  arrival  can  occur  and  be 
associated  with  a  defect.  In  equation  form,  this  c£m  be  stated  as: 

(4.3) 

where  Tg  is  the  time  corresponding  to  the  block  thic)uiess  and  is  the  time 
of  the  arrival  in  question.  Arrivals  occurring  outside  this  time  bracket  can 
be  excluded  from  consideration,  while  those  within  this  time  interval  c^m  be 
classified  as  potential  defects. 

The  time  criterion  described  in  the  above  paragraphs  is  very  helpful  in 
removing  several  nondefect-related  arrivals  from  consideration:  however,  in 
some  specific  situations,  this  single  criterion  is  not  sufficient.  A  good 
example  of  such  a  case  is  shown  in  Figure  4.4,  which  illustrates  a  recording 
in  vAiich  a  geometrical  reflector  generated  an  arrival  which  fell  within  the 
accepted  time  tolerances.  The  lower  waveform  depicted  in  this  figure  was 
obtained  from  a  0*  EDM  notch  of  size  20x60  mils.  The  front  surface  return 
occurred  at  approximately  53  yseconds  and  the  defect  response  at  approximately 
95  yseconds.  The  arrival  which  occurred  at  77  yseconds  could  be  identified  as 
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FIGURE  4.4:  EXAMPLES  OF  PULSE-ECHO  RECORDINGS  OBTAINED  FROM 
THE  SAME  DEFECT  ILLUSTRATING  THE  INFLUENCE  OF 
SPECIMEN  GEOMETRY 


a  potential  defect  response;  however,  this  arrival  has  been  correlated  with  a 
retxirn  from  the  edge  of  the  test  block  and  is  related  to  the  wide  angular 
response  of  the  transmitter  shown  previously  in  Figure  4.3.  The  upper  wave¬ 
form  shown  in  this  figure  was  obtained  from  the  same  defect  by  rotating  the 
test  specimen  180®.  Hie  front  surface  and  defect  responses  are  nearly 
identical  for  both  waveforms  illustrated  in  this  figure.  Uie  reflection  which 
occurred  at  77  ^seconds  in  the  lower  signal  was  not  present  in  the  upper 
waveform.  The  schematic  illustrations  which  accompany  these  two  waveforms 
describe  the  transmitter  and  test  specimen  geometries  for  the  two  cases.  The 
presence  of  the  edge  return  is  clearly  depicted  in  these  schematics  and 
explains  the  difference  in  the  two  signals  shown  in  the  illustration. 

A  schematic  diagram  of  the  test  specimen  and  the  inboeurd  T/R  is  shown  in 
Figure  4.5.  This  situation  was  much  simpler  than  that  of  the  outboard  T/R 
described  above.  A  vertically  traveling  ccmpressional  wave  was  emitted  from 
the  transmitter  into  the  water  bath.  This  energy  struck  the  front  surface  of 
the  specimen,  where  part  of  the  energy  was  reflected  back  toward  the  T/R  and 
part  was  transmitted  across  the  interface  into  the  metal  block.  The  compres- 
sional  wave  encountered  several  interfaces  in  the  metal,  which  resulted  in 
reflected,  refracted,  and  diffracted  signals.  The  reflections  were  sensed  at 
the  inboard  receiver  and  then  analyzed. 

Examples  of  pulse-echo  recordings  obtained  from  a  0®  flat-bottom  2uid  a  round- 
bottcm  hole  are  shown  in  Figure  4.6.  The  large  amplitude  signals  identified 
in  these  waveforms  can  be  correlated  with  the  front  surface  return,  the  defect 
response,  the  reflection  from  the  backwall  of  the  block,  and  veurious  multiple 
reflections.  Equations  similar  to  those  determined  for  the  outboard  T/R  c^m 
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Transmitter 


FIGURE  4.5;  SCHEMATIC  ILLUSTRATION  OF  ThL  INBOARD  TRANSMITTER 
AND  TEST  BLOCK  GEOMETRY 
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FIGURE  4.6:  EXAMPLES  OF  PULSE-ECHO  RECORDINGS 
OBTAINED  FROM  THE  INBOARD  ARRAY 
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be  derived  to  determine  the  water  depth  and  metal  depth  estimates*  The  time 


constraints  used  to  bracket  the  defect-related  detections  would  also  be 
similar  to  those  discussed  earlier. 

The  results  obtained  in  this  section  have  demonstrated  that  the  geometry 
of  the  data  collection  exercise  must  be  considered  in  the  data  analysis. 
Bracketing  the  time  interval  in  which  a  detection  can  be  correlated  with  a 
defect  response  has  been  shown  to  be  very  useful  in  removing  many  gecanetrical 
reflectors  from  consideration.  However/  special  requirements  are  needed  in 
certain  situations  to  remove  geometrical  reflections  which  occur  within  the 
time  tolerance  limits.  The  sections  which  follow  discuss  the  techniques  used 
to  improve  the  signal-to-noise  ratios  of  the  recorded  waveforms  to  increase 
the  detectability  of  the  defect  responses. 


4.3  SIGNAL-TO-NOISE  RATIO  IMPROVEMENT 

Previous  analyses  of  ultrasonic  signa0.s  have  identified  several  viable 
approaches  which  have  been  used  to  improve  the  signal-to-noise  ratios  (SNR)  of 
defect  returns  (Jfticciardi,  et  al.,  1980).  Some  of  the  more  pertinent 
approaches  with  application  to  this  study  include  bandpass  filtering,  matched 
filtering,  temporal  beamforming,  and  spatial  beamforming.  Ihe  bandpass 
filtering  technique  was  tested  and  was  found  to  be  of  limited  usefulness  to 
this  vor)t  because  the  frequency  domain  characteristics  of  the  background  noise 
were  quite  similar  to  those  of  the  defect  returns  and,  therefore,  could  not  be 
separated  with  a  high  degree  of  success.  The  matched  filter  technique  was 
also  evaluated  during  this  program  and  was  shown  to  be  useful  in  certain 
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application  areas.  This  approach  involves  convolving  the  recorded  waveform 
with  a  reference  signal  which  represents  a  paurticular  defect  response.  The 
disadvantages  of  the  matched  filter  algorithm  include  a  large  computational 
load  for  implementation  because  of  the  nature  of  the  convolution  filter  and 
the  fact  that  separate  filters  would  be  required  for  each  defect  type.  The 
improvement  in  SNR  offered  by  this  technique  was  not  sufficient  to  justify  its 
incorporation  into  an  automatic  detection  scheme.  The  two  remaining  SNR 
improvement  algorithms,  neunely  the  temporal  and  spatial  beamforming  tech¬ 
niques,  are  easily  implemented  and  have  been  proven  to  be  extremely  useful  in 
suppressing  background  noise  levels  (O'Brien,  et.  al.,  1980).  The  results 
obtained  from  these  two  signal  processing  tools  are  described  below. 

■nie  temporal  beamforming  technique  is  a  simple  algorithm  in  which  a  number  of 
waveforms  are  averaged  to  reduce  background  noise  which  occurs  randomly  in 
time.  The  approach  involves  positioning  the  transmitter  and  receiver  at  fixed 
spatial  locations  and  repeating  the  data  collection  process  a  specified  number 
of  times.  Under  ideal  circumstances,  each  successive  waveform  is  identical  to 
all  others  in  the  collection  set.  However,  in  the  presence  of  random  noise, 
each  time-domain  signal  is  different.  In  general,  the  defect  response  should 
be  highly  coherent  and  the  noise  segments  should  be  relatively  incoherent.  A 
significant  amount  of  the  incoherent  energy  can  be  removed  by  averaging  a  set 
of  waveforms  according  to  the  formula: 

1 

S(t)  =  Z  S.(t)  (4.4) 

^  i=1  ^ 

where  s^(t)  is  the  i'"  time  waveform,  N  is  the  number  of  collected  signals, 
and  S(t)  represents  the  temporal  beamforming  output.  An  excunple  of  this 
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procedure  is  shown  in  Figure  4.7,  where  a  set  of  ten  individual  waveforms  and 
their  corresponding  temporal  averages  eire  presented.  The  reduction  in  the 
random  background  noise  level  is  illustrated  in  this  example.  An  investiga¬ 
tion  was  conducted  to  determine  the  optimum  number  of  waveforms  to  be  col¬ 
lected  in  the  averaging  process.  It  was  found  that  collecting  a  set  of  ten 
recordings  offered  meocimum  enhancement. 


The  main  application  of  the  temporal  beamforming  routine  is  to  reduce  the 
influence  of  background  noise  on  the  recording.  The  background  noise  in  this 
case  is  mainly  electronic  system  noise.  In  most  ultrasonic  applications,  an 
additional  noise  source  is  related  to  the  metal  grain  structure  (Newhouse  and 
Furgason,  1980).  Temporeil  beamforming  will  not  be  effective  in  reducing  grain 
noise  because  the  grain  reflections  are  coherent  and  will  therefore  be  en¬ 
hanced  by  the  technique.  Spatial  beamforming  has  been  shown  to  be  a  useful 
technique  for  removing  grain  noise  in  the  waveforms.  This  approach  is  de¬ 
scribed  in  the  following  paragraphs. 


A  schematic  illustration  of  the  spatial  beamforming  technique  is  shown  in 
Figure  4.8.  In  this  diagram  a  set  of  six  receivers  (R^)  record  the  source 
energy.  The  distance  from  the  source  to  each  individual  receiver  is  denoted 
as  D^.  Under  assumptions  of  plane  wave  propagation  in  a  homogeneous  medium 
and  in  the  presence  of  no  background  noise,  the  waveforms  recorded  at  each 
receiver,  R^,  will  be  identical  except  for  a  time  delay.  Uiis  time  delay  is  a 
function  of  the  distance  from  the  source  to  receiver  and  is  given  by: 


T. 


i 


°R  - 


°i 


V 


(4.5) 
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where  Dj^  is  the  distance  to  reference,  Dj^  is  the  distance  from  the  source  to 
receiver  i,  and  V  represents  the  characteristic  velocity  of  the  medium.  The 
beamformed  output  with  respect  to  the  reference  receiver  is  then  determined 
according  to: 

1  ^ 

S{t)  =  y  I  S^(t-T^)  (4.6) 
i=1 

where  the  Sj^(t)  is  the  recorded  signal  at  receiver  i,  is  the  computed  time 
delay,  N  is  the  nuoiber  of  receivers,  and  S(t)  is  the  spatial  beamforming  out¬ 
put,  Equation  4.6  is  identical  in  form  to  the  temporal  beamforming  result 
given  in  Equation  4.4,  except  for  the  incorporation  of  the  time-delay  factor. 
It  is  this  difference  between  the  two  approaches  which  enables  the  grain  noise 
to  be  suppressed,  since  the  travel  paths  from  source  to  receiver  are  all  dif¬ 
ferent  and  therefore  encounter  variable  grain  structures  along  their  trans¬ 
mission  paths. 

An  example  of  this  approach  is  shown  in  Figure  4.9,  where  the  response  from  a 
30 «  edH  notch  of  size  70  x  350  mils  at  six  receiver  locations  is  presented. 
In  this  illustration  the  individual  waveforms  represent  the  average  of  ten 
successive  recordings,  so  that  the  electronic  noise  has  been  effectively 
reduced.  The  defect  responses  are  easily  identified  on  each  of  these  record¬ 
ings  and  would  not  be  a  problem  to  detect  using  a  very  simple  detector.  The 
key  observation  to  be  made  from  this  illustration  concerns  the  consistency  of 
the  defect  response  at  the  individual  receiver  sites  and  the  veuriability  in 
the  time  waveforms  outside  the  defect  time  windows .  This  variability  is  most 
likely  related  to  the  grain  structure  in  the  metal,  but  does  not  appear  to 
influence  the  defect  responses  in  a  significant  manner.  In  fact,  this  example 
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provides  a  good  opportunity  for  obtaining  an  experimental  indication  of  what 
the  true  time  delays  within  this  receiver  group  should  be.  These  experimental 
times  were  determined  by  cross  correlating  the  recordings  with  a  reference 
receiver  (43).  These  time  delays  were  then  used  to  compute  the  spatial  beaMr- 
formed  response  ^ich  is  shown  in  the  lower  portion  of  Figure  4.9.  'Rie  reduc¬ 
tion  in  the  noise  level  is  significant,  while  the  defect  response  is  highly 
compatible  with  each  of  the  individual  observations. 

A  more  dramatic  example  la  shown  for  the  same  receiver  grouping  in  Figuire 
4.10.  These  data  were  collected  frcm  a  30*  EEM  notch  of  size  20  x  100  mils. 
The  defect  response  can  be  seen  on  receiver  43  but  is  virtually  hidden  by 
noise  at  the  other  five  receiver  locations.  Qie  same  time  delays  determined 
from  the  experimental  tests  were  applied  to  this  receiver  set  to  determine  the 
beamed  output  shown  in  the  lower  portion  of  this  figure.  The  results  are 
extremely  gpod  in  that  the  defect  return  is  easily  identifiable  and  is  above 
the  noise  level  of  the  beamed  signed..  It  follows  that  the  spatial  beamforming 
technique  is  very  useful  in  analyzing  data  recorded  with  the  lineeu:  array. 

Temporal  and  spatial  beamforming  techniques  have  been  applied  very  success¬ 
fully  to  ultrasonic  recordings  obtained  during  this  study.  The  reduction  in 
electronic  noise  euid  metal  grain  noise  are  useful  in  detecting  the  presence  of 
defect  responses  in  the  recorded  waveforms.  The  detector  selected  for  use  in 
this  application  is  described  in  the  next  section  of  this  chapter. 
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4.4  SIGNAL  DETECTION 


The  signal  processing  techniques  described  previously  in  this  chapter  have 
been  used  as  a  preprocessing  step  to  increase  the  signal-to-noise  ratio  of  a 
collected  waveform  prior  to  inputting  this  waveform  to  a  signal  detection 
algorithm.  The  detection  algorithm  used  in  this  program  is  a  relatively 
sophisticated  technique  and  is  the  main  subject  of  discussion  in  this  section. 

The  algorithm  used  in  this  study  for  detection  purposes  is  essentially  a  power 
detector  (Lane  and  Lemon,  1979)  which  computes  a  time-varying  SNR  ratio  and 
compares  this  estimate  with  a  preset  threshold  level.  A  detection  is  called 
when  the  SNR  ratio  exceeds  the  threshold  level  for  a  prescribed  time  dura¬ 
tion.  Before  proceeding  with  a  detailed  discussion  of  the  algorithm  itself, 
a  brief  description  of  the  parameters  required  as  inputs  to  the  detector  will 
be  given. 

Two  moving  averages  are  required  by  the  detection  algorithm,  a  long-term  aver¬ 
age  power  (LTAP)  and  a  short-term  average  power  (STAP).  The  LTAP  represents 
the  estimate  of  noise  power  and  the  STAP  represents  the  estimate  of  signal 
power.  The  lengths  (LTAL  and  STAL)  of  these  time  windows  are  input  constcuits 
used  by  the  routine.  A  general  rule  is  that  STAL  should  approximate  the  time 
duration  of  a  typical  signal  response,  while  LTAL  should  be  about  four  times 
STAL.  Ttie  detection  threshold  (THOLO)  and  update  threshold  (DHOLO)  are 
further  input  constwts  used  by  the  algorithm.  DHOLD  is  generally  less  than 
the  detection  threshold  and  is  used  to  freeze  the  updating  of  the  LTAP  in  the 
simulteuieous  presence  of  signals  and  very  high  noise  levels.  Once  the 
estimate  of  the  sign  id- to- noise  ratio  (STAP/LTAP)  exceeds  THOLO,  a  detection 
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flag  is  turned  on  and  must  remain  on  for  a  prescribed  number  of  points  (NON) 
before  a  true  detection  is  indicated.  'Riis  feature  enables  the  routine 
immediately  to  discard  false  detections  which  would  be  related  to  high- 
amplitude  noise  spikes  and  other  short-duration  artifacts. 

The  signal  detector  logic  is  shown  in  flow-chart  form  in  Figxare  4.11. 
values  of  the  LTAL,  STAL,  TUOLD,  DHOLD,  and  NON  2u:e  identified  on  this 
figure.  Experimentation  was  required  to  determine  these  optimum  values  so 
that  all  the  defects  of  interest  could  be  detected  using  constant  values  of 
these  key  parameters,  thus  making  the  detector  independent  of  defect  type. 

The  pulse-echo  recording  obtained  at  the  outboard  transmitter/receiver  from  a 
0*  EDM  notch  of  size  20x60  mils  is  shovm  in  the  upper  portion  of  Figure  4.12. 
The  signal-to-noise  ratio  (STAP/LTAP)  is  shown  in  the  lower  half  of  this 
figxire  along  with  the  threshold  level  indicated  by  the  horizontal  line.  When 
the  SNR  exceeds  the  threshold  level,  a  detection  is  signaled.  The  correspond¬ 
ing  detections  are  illustrated  along  the  time  cucis  of  the  pulse-echo  recording 
by  arrows.  The  case  presented  in  this  figure  is  relatively  simple,  because 
only  two  clear  detections  are  indicated.  The  first  detection  corresponds  to 
the  return  from  the  front  surface  of  the  block  and  the  second  is  related  to 
the  EDM  notch  defect.  An  example  of  a  more  complex  situation  is  shown  in 
Figure  4.13,  which  represents  the  pulse-echo  waveform  obtained  from  a  0*  flat- 
bottom  hole  of  diameter  10/64  inch.  A  number  of  detections  are  indicated  in 
this  example.  The  first  detection  is  related  to  the  front  surface  of  the 
block  and  is  followed  by  the  response  from  the  flat-bottom  hole  defect.  The 
detection  which  follows  the  defect  return  corresponds  to  energy  being 
reflected  from  the  back  wall  of  the  test  specimen  and  is  not  defect-related. 
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FIGURE  4.11;  FLOW  DIAGRAM  OF  SIGNAL  DETECTOR  LOGIC 
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FIGURE  4.12:  COMPARISON  OF  A  PULSE-ECHO  RECORDING  WITH  THE  OUTPUT 
SIGNAL-TO-NOISE  RATIO  PROVIDED  BY  THE  SIGNAL  DETECTOR 
(0®  EDM  Notch  20x60  mils) 
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FIGURE  4.13:  COMPARISON  OF  A  PULSE-ECHO  RECORDING  WITH  THE  OUTPUT 
SIGNAL-TO-NOISE  RATIO  PROVIDED  BY  THE  SIGNAL  DETECTOR 
(0°  Flat-Bottom  Hole  8/64"  Diameter) 
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■Rie  signal  detector  described  in  this  section  provides  a  summary  of  all 
signals  which  exceed  the  preset  threshold  value.  The  arrival  times  of  these 
detections  are  then  evaluated  using  procedures  outlined  in  Section  4.2  to 
determine  if  any  of  the  detections  in  the  list  cure  defect-related. 

The  signal  detection  and  detection  association  algorithms  have  been  implement¬ 
ed  in  microprocessor  software  in  the  ALN  4000.  Ihis  process  provides  an 
automatic  defect  detection  capability  and  has  been  shown  to  yield  very  con¬ 
sistent  and  accurate  indications  of  the  presence  of  flaws  in  metal  specimens. 
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5.  DEFECT  CHARACTERIZATION 


5.1  APPROACH 


The  ultrasonic  data  collected  from  the  set  of  machined  defects  were  subjected 
to  a  variety  of  analysis  procedures  to  obtain  measurements  from  the  recorded 
waveforms  which  could  be  used  for  defect  characterization  purposes.  The 
features  most  cootmonly  used  in  these  analyses  consisted  of  both  time-domain 
and  frequency-domain  representations  of  the  defect  signatures.  The  extracted 
features  were  then  input  to  Adaptive  Learning  Network  (ALN)  models  to  identify 
the  key  signeil  features  selected  by  the  models  as  well  as  to  obtain  the 
structure  of  the  relationships  between  the  input  and  output  variables. 

The  entire  defect  characterization  process  was  composed  of  three  individual 
operations.  The  first  step  involved  classification  of  the  defect  into  one  of 
the  three  categories  considered  in  this  study,  EDM  notches,  flat-bottom  holes, 
and  round-bottom  holes.  The  second  process  was  concerned  with  determining  the 
angular  orientation  of  the  defect,  and  the  third  step  involved  estimating  the 
size  of  the  defect,  i.e.,  length  and  depth  for  the  notch  samples  and  diameter 
for  the  hole  specimens.  The  procedures  employed  in  each  of  these  character¬ 
ization  steps  are  discussed  in  the  subsequent  sections  of  this  chapter. 

Although  the  specific  features  used  as  inputs  to  the  ALN  models  depend  upon 
the  type  and  orientation  of  the  defect,  a  set  of  relatively  general  operations 
can  be  defined  which  are  appropriate  for  all  defect  categories.  These  general 
steps  are  shown  in  Figure  5.1. 
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FIGURE  5.1:  FEATURE  EXTRACTION  PROCEDURES 


The  first  step  requires  that  appropriate  waveforms  be  collected  using  various 
transmitter  and  receiver  protocols.  In  cases  where  several  adjacent  ^u:ray 
elements  are  recorded,  a  spatial  beamformed  signal  is  calculated  in  an  attempt 
to  increase  the  defect  response  over  the  background  and  grain  noise.  These 
beamformed  signals  are  then  input  to  a  Fast  Fourier  Tr^u[lsform  (FFT)  algorithm 
which  converts  the  time-domain  representation  to  its  frequency-domain  equiva¬ 
lent.  The  power  spectrum  is  partitioned  into  four  frequency  bands  of  interest 
for  further  ^malysis.  The  receiver  groupings  used  to  form  the  beamed  signals 
and  the  four  frequency  bands  used  in  this  study  are  identified  in  Table  5.1. 
Once  these  confutations  have  been  performed,  the  spectral  data  are  then  sub¬ 
jected  to  numerous  feature  extraction  routines.  These  features  include  the 
center  of  gravity  of  the  power  distribution  across  the  array  for  each  frequen¬ 
cy  band  and  a  number  of  power  ratios  involving  various  receiver  combinations. 
Each  of  these  feature  categories  has  been  shown  to  be  extremely  useful  in 
previous  investigations  (Lane  and  Lemon,  1979;  O'Brien,  et  al.,  1980).  These 
candidates  eire  then  input  into  ALN  models  to  determine  the  most  diagnostic  set 
of  parameters  as  well  as  the  functional  relationship  between  these  key  vari¬ 
ables  and  the  defect  characteristic  of  interest.  The  specific  features  used 
for  each  defect  category  are  identified  in  appropriate  subsections  of  this 
chapter . 

5.2  DEFECT  CLASSIFICATION  AND  ORIENTATION 

The  defect  classification  scheme  employed  in  this  study  incorporates  geomet¬ 
rical,  temporal,  and  spatial  properties  of  the  collected  waveforms  in  the 
decision-making  process.  Two  pulse-echo  recordings  are  available  for 


TABLE  5.1:  IDENTIFICATION  OF  REFERENCE  BEAM  NtMBERS  AND  FREQUENCY  BANDS 
USED  IN  FEATURE  EXTRACTION  EXERCISES 


BEAM  NIMBER 
1 


RECEIVER  GROUPING 


47 

46, 

45, 

44 

43, 

42, 

41 

40, 

39, 

38 

31, 

30, 

29 

28, 

27, 

26 

25, 

24, 

23 

22, 

21, 

20 

19, 

18, 

17 

2UENCY  BAND  NUMBER 
1 
2 

3 

4 


FREQUENCY  INTERVAL 
1.56  -  2.10  MHz 
2. 18  -  2.73  MHz 
2.81  -  3.36  MHz 
1.56  -  3.36  MHz 
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analysis,  one  from  the  0®  inboard  T/R  and  one  from  the  angled  outboard  T/R. 
Based  on  geometrical  considerations,  it  is  obvious  that  the  30®  holes  and  the 
EDM  notches  are  detected  on  the  outboard  T/R  while  the  0®  holes  are  visible  on 
the  inboard  T/R.  Thus,  the  identity  of  the  T/R  which  detects  the  presence  of 
a  defect  response  can  be  used  as  a  classification  tool  by  separating  the 
defect  types  into  two  categories,  with  one  group  containing  the  0®  holes  and 
the  second  group  containing  the  30®  holes  and  the  EDM  notches.  This  second 
group  can  be  split  into  its  two  components  by  considering  the  arrival  time  of 
the  defect  response.  The  notch  returns  appecur  at  a  time  v^ich  corresponds  to 
the  back  surface  of  the  test  specimen.  The  30®  hole  flaws  represent  defects 
occurring  in  free  space  and  are  not  connected  to  the  bade  of  the  test  block. 
Therefore,  the  30®  hole  responses  will  arrive  at  an  earlier  time  than  the 
notch  echoes  because  of  the  shorter  travel  paths. 

TJie  procedures  outlined  above  can  be  used  to  separate  the  defect  returns  into 
one  of  three  categories,  EDM  notches,  30®  holes,  and  0®  holes.  Classification 
of  the  hole  defects  into  flat-bottom  or  round-bottom  holes  can  be  accomplished 
by  activating  other  receiver  elements  within  the  array  package  to  determine 
the  amount  of  energy  which  has  been  scattered  by  the  defect  to  these  receiver 
positions.  It  was  found  that  the  ultrasonic  energy  scattered  by  the  flat- 
bottem  hole  defects  is  considerably  higher  than  that  scattered  frem  the  round- 
bottom  hole  defects.  In  fact,  the  energy  scattered  in  the  pitch-catch  mode 
could  not  be  detected  for  the  round-bottom  hole  flaws.  'Hiis  detection  diffi¬ 
culty  may,  in  fact,  be  related  to  the  observation  made  earlier  concerning  the 
nonspherical  tips  of  these  round-bottom  holes;  however,  the  experimental 
observation  made  concerning  the  rapid  decay  of  energy  in  the  scattered  field 
for  the  spherical  defects  is  consistent  with  both  theoretical  (Domay,  et  al.. 
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1979)  and  previously-reported  experimental  results  (Whalen,  et  al.,  1979). 
The  results  observed  for  the  flat-bottom  holes  are  also  supported  in  the 
literature  (Achenbach,  et  al.,  1979;  Whalen,  et  al.,  1979).  It  appecirs  that 
this  decay  of  ultrasonic  energy  in  the  scattered  field  can  be  used  as  a  diag¬ 
nostic  feature  to  discriminate  between  the  flat-bottom  and  round-bottom  holes. 

Hie  defect  classification  scheme  described  above  is  presented  as  a  logic  dia¬ 
gram  in  Figure  5.2.  It  is  interesting  to  note  that  this  scheme  lias  not  only 
resulted  in  defect  classification,  but  also  has  yielded  the  angular  orienta¬ 
tions  of  the  hole  defects.  The  notch  orientations  cannot  be  determined  from 
this  scheme  and,  therefore,  require  a  more  detailed  euialysis. 

Examples  of  pulse-echo  recordings  obtained  from  a  50x1 50-mil  and  a  50x250-mil 
EDM  notch  at  angular  orientations  of  0*  and  30*  are  shown  in  Figure  5.3.  A 
comparison  of  the  0®  and  30*  defect  responses  for  the  same  size  defect  indi¬ 
cates  that  the  time-domain  responses  cure  quite  similar  in  shape  but  differ 
slightly  in  amplitude,  with  the  0*  response  having  the  higher  value.  However, 
this  amplitude  difference  is  not  helpful  in  determining  the  defect  orienta¬ 
tion,  because  a  30*  notch  of  larger  size  than  a  0*  notch  could  conceivably 
possess  nearly  identical  amplitude  values.  A  more  diagnostic  approach  is 
illustrated  in  Figure  5.4,  which  presents  a  comparison  of  the  diffracted 
( 'SS' )  and  mode-converted  ('SF')  energies  obtained  from  50x250-mil  notches  at 
the  two  angular  orientations.  Note  that  the  mode-converted  energy  is  much 
more  prevalent  for  the  0"  notch,  while  the  diffracted  energy  recorded  at 
receivers  near  the  transmitter  is  more  dominant  for  the  30*  notch.  The 
situation  depicted  here  was  found  to  be  quite  representative  of  the  other  EDM 
notch  samples  and  was  determined  to  be  independent  of  the  notch  size. 
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50  X  150  MIL  EDM  NOTCH 


RECEIVER 


•‘iS' 

SIGNAL 


38 


'<iS' 

SIGNAL 


30 


'SP' 

SIGNAL 

2g 


J- 


uSECONDS 


22 


FIGUPE  5.4: 


EXAMPLES  OF  SCATTERED  WAVEFORMS  RECORDED  AT  VARIOUS 
RECEIVER  LOCATIONS  FOR  A  50X250-MIL  NOTCH  ORIENTED 
AT  0®  AND  30® 
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Both  the  pulse-echo  and  scattered  field  recordings  were  collected  for  each  of 
the  32  EDM  notches  comprising  the  data  base.  The  pulse-echo  waveforms  were 
detected  in  all  cases;  however,  the  scattered  energy  for  six  of  the  smallest 
notches  could  not  be  detected  with  a  high  degree  of  accuracy  even  though 
averages  of  ten  successive  recordings  were  computed  to  remove  temporal  noise 
variations.  The  remaining  26  observations  were  subjected  to  various  feature 
extraction  routines  to  acquire  parameters  for  use  in  estimating  the  orienta¬ 
tions  of  the  notches. 

Fourier  power  spectra  were  computed  for  the  pulse-echo,  the  mode  converted, 
and  the  diffracted  waveforms.  These  power  spectra  were  divided  into  three 
frequency  intervals  (1.56-2.10  MHz,  2.18-2.73  MHz,  and  2.81-3.36  MHz),  and 
ratios  of  these  powers  were  taken  over  various  "^iver  combinations.  A  tabu¬ 

lation  of  the  candidate  features  input  into  the  ALN  model  is  given  in  Table 
5.2.  The  resulting  ALM  model  is  shown  in  Figure  5.5;  it  uses  two  inputs:  (1) 
the  ratio  of  'SS*  power  (diffracted  energy)  in  the  frequency  band  between  1.56 
to  2.10  MHz,  at  receivers  41,  40,  and  39,  to  the  pulse-echo  recording  at 
receiver  47;  and  (2)  the  ratio  of  power  in  the  same  band  at  receivers  47,  46, 
and  45  to  receivers  44,  43,  and  42.  The  performance  of  the  resulting  model  is 
illustrated  in  Figure  5.6,  where  the  deviations  between  the  true  cUigle  and 
estimated  angle  are  plotted.  The  largest  deviation  of  12®  observed  in  this 
sample  resulted  from  the  20x100-nill  0®  EEM  notch  specimen.  Ihe  average 
residual  was  less  than  5®  for  the  entire  sample.  The  predicted  performance 
for  unseen  data  is  estimated  to  average  approximately  8.5®.  It  is  interesting 
to  note  from  the  residuals  shown  in  Figure  5.6  that  the  deviations  for  the 
larger  defects  are  not  any  less  than  those  for  the  smaller  notches,  thus 
indicating  that  the  ALN  model  is  independent  of  defect  size. 
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TABLE  5.2:  LIST  OF  CANDIDATE  FEATURES  FOR  THE  EDM 
NOTCH  ANGLE  ORIENTATIONS 


Feature 

Number  _  Description 


X3 

Center  of  gravity  of  power 

distribution 

across 

array 

(Band 

1) 

X4 

Center  of  gravity  of  power 

distribution 

across 

array 

( Band 

2) 

X5 

Center  of  gravity  of  power 

distribution 

across 

array 

( Band 

3) 

X6 

Center  of  gravity  of  power 

distribution 

across 

array 

( Band 

4) 

X7 

Sum  of  normalized  power.  Receivers  47, 

46, 

45 

(Band 

1) 

X8 

Sum  of  normalized  power.  Receivers  44,  43, 

42 

( Band 

1) 

X9 

Sum  of  normalized  power.  Receivers  41, 

40, 

39 

(Band 

1) 

X10 

Ratio  of  tot2d.  normalized 
Receivers  47,  46,  45 

power, 

to  42,  43,  44 

(Band 

1) 

XII 

Ratio  of  total  normalized 
Receivers  47,  46,  45 

power, 

to  39,  40,  41 

(Band 

1) 

X12 

Ratio  of  total  normalized 
Receivers  42,  43,  44 

power/ 

to  39,  40/  41 

(Band 

1) 

X13-X18 

Same  as  features  X7-X12 

( Band 

2) 

X19-X25 

Same  as  features  X7-X12 

(Band 

3) 

X26-X32 

Same  as  features  X7-X12 

( Band 

4) 

Power  was  normalized  by  the  pulse-echo  power  (Receiver  47). 

Receiver  47  is  pulse-echo  energy?  Receivers  39  through  46  are  diffracted 
energy  ( 'SS'  )• 


FIGURE  5.6:  COMPARISON  OF  TRUE  ANGLES  WITH  ALN  PREDICTED  ANGLES 
FOR  VARIOUS  EDM  NOTCH  DEFECTS  (Depths  are  indicated 
in  mils) 
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5.3  DEFECT  SIZE  ESTIMATION 


The  defect  characteristics  discussed  up  until  this  point  have  emphasized  the 
classification  and  orientation  of  the  flaws.  In  general/  these  peurameters  cu:e 
required  for  total  defect  characterization  purposes  but  are  less  crucial  than 
estimates  of  the  actual  size  of  the  flaw.  Most  judgments  made  concerning 
material  integrity  are  based  primarily  on  the  size  of  the  defect  located  in 
the  critical  component  rather  than  on  its  type  or  orientation.  Accurate  and 
reliable  defect  size  models  are  required  to  assist  the  analyst  in  his 
decision-making  process.  In  this  section,  ALN  models  are  obtained  for  defect 
size  estimation  using  features  extracted  frcm  the  ultrasonic  flaw  responses. 
The  performance  of  these  models  is  then  assessed  in  terms  of  prediction  capa¬ 
bility  and  reliability. 

5. 3. 1  EDM  Notch  Size  astimation 


To  obtain  complete  size  characterization  for  the  ECM  notch  samples,  two 
independent  quemtities  must  be  modeled,  the  depth  and  length  of  the  notch. 
The  situation  is  further  complicated  by  the  fact  that  these  estimates  must  be 
determined  for  a  set  of  two  angular  orientations. 

The  differences  in  the  scattered  energy  for  these  two  orientations  were  dis¬ 
cussed  earlier  in  this  chapter  (see  Figure  5.4)  and  will  not  be  repeated  here. 
Attempts  were  made  earlier  in  this  program  to  group  the  two  cuigular  classes 
into  one  set  for  size  estimation;  however,  average  errors  on  the  order  of  20% 
were  obtained  from  the  AI,N  models.  Ihis  large  error  was  not  acceptable,  and 
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the  decision  was  made  to  model  the  defect  size  for  each  separate  angle  group. 
The  models  determined  from  this  approach  resulted  in  much  smaller  errors  than 
the  combined  grouping  and  are  discussed  in  detail  in  the  following  paragraphs. 

Individual  waveforms  were  acquired  at  receiver  numbers  17  through  47  for  all 
0®  EDM  notches  with  the  exception  of  the  10-mil-deep  notches.  Although  the 
pulse-echo  (receiver  47)  response  could  he  detected,  the  smaller  amplitude 
signals  from  the  10-mil-deep  defects  could  not  be  detected  at  other  receiver 
locations  within  the  array.  A  set  of  nine  beamformed  signals  was  con^juted 
from  the  various  receiver  groups.  Power  spectra  were  then  calculated  for  the 
pulse-echo  signal  and  for  the  mode-converted  ( 'SP' )  waveforms  and  used  to 
determine  values  for  the  features  summarized  in  Table  5.3.  These  features 
were  input  to  an  ALN  analysis  for  the  purpose  of  estimating  the  depth  of  the 
0®  EDM  notches. 

The  resulting  model  is  shown  in  Figure  5.7.  Two  features  were  selected  by  the 
ALN  model,  (1)  the  ratio  of  power  in  Beams  3  through  7  to  Beams  7  through  9 
for  frequencies  between  1.56  and  2.10  MHz,  and  (2)  the  ratio  of  power  in  Beams 
3  through  7  to  the  total  power  over  the  frequency  range  from  1.56  to  3.36  MHz. 
The  average  RMS  error  on  the  defect  depth  was  6.2  mils  (12%),  and  the  pre¬ 
dicted  error  for  unseen  data  was  12  mils.  A  comparison  of  observed  and 
predicted  depth  values  is  shown  in  Figure  5.8.  The  results  indi rated  in  this 
fig'ore  are  quite  good  and  indicate  that  the  model  performs  equally  well  over 
the  entire  depth  range  from  20  to  80  mils.  The  largest  single  deviation 
obtained  was  12  mils  for  the  40x200-mil  EDM  notch.  The  majority  of  the 
deviations  were  on  the  order  of  4  to  6  mils. 
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■PAM.it  5. 3 1  LIST  CP  C  jTCiATS  FEATURES  FOR  THE  0*  EDM  NOTCH  EBFBCTS 


Feature 

Number 

X3 

X4 

X5 

X6 

X7 

X8 

X9 

X10 

XII 

X12 

X13 

X14 

X15 

X16 

X17-X26 

X27-X36 

X37-X46 


_ Description _ 

Center  of  gravity  of  potmr  distribution  across 
Center  of  gravity  of  power  distribution  across 
Center  of  gravity  of  poMr  distribution  across 
Center  of  gravity  of  power  distribution  across 
Ratio  of  power  in  beams  7,  8,  9  to  total  power 

Ratio  of  powr  in  beams  5,  6/  7  to  total  pomr 

Ratio  of  po%ier  in  beams  3,  4  to  total  power 
Ratio  of  power  in  beam  8  to  toteU.  power 

Ratio  cf  power  in  beam  7  to  total  power 

Ratio  of  power  in  beam  6  to  total  power 

Ratio  of  power  in  beams  5,  6/  7,  8>  9  to  total 

Ratio  of  power  in  beams  3,  4,  S,  6,  1  to  total 

Ratio  of  power  in  beams  3,  4  to  beams  1,  8,  9 

Ratio  of  power  in  beams  3,  4,  5,  6,  7  to  beams 

Same  features  as  X7-X16 
Same  features  as  X7-X16 
Same  features  as  X7-X16 


array 

(Band 

1) 

array 

(Band 

2) 

array 

(Band 

3) 

eurray 

(Band 

4) 

(Band 

1) 

(Band 

1) 

(Band 

1) 

( Band 

1) 

(Band 

1) 

(Band 

1) 

power 

(Band 

1) 

power 

(Band 

1) 

(Band 

1) 

7,  8,  9 

(Band 

1) 

(Band 

2) 

(Band 

3) 

(Band 

4) 

Total  power  is  defined  as  the  sum  of  the  individual  powers  represented  in 
beams  1  through  9. 


Beam  1  is  pulse-echo  energy;  beams  2  through  9  are  mode-converted  energy 
( 'SP* ) . 


Y 


0.45X16  -0.64X14 


Where: 

X  =  (x-x)/a^ 

Ak 

Y  =  YOy  +  Y 
With  (units  in  mils) : 


X16 

«  1.56 

Sl6 

0.56 

X14 

»  0.42 

'^X14 

0.06 

Y 

=■  0.05 

II 

0.05 

E 

=  0.006 

* 

0.012 

Average  Error 

-  12% 

FIGURE  5.7:  ALN  IffiTERMINED  FOR  0"  EMI  NOTCH  DEPTH  ESTIMATION 


PREDICTED  DEPTH,  MILS 


FIGURE  5.8:  COMPARISON  OF  OBSERVED  AND  PREDICTED  DEPTHS, 
0*  EDM  NOTCH  DEFECTS 
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nie  same  candidate  feature  set  was  used  to  determine  the  0*  ECN  notch  length 
model  shovm  in  Figure  5.9.  The  ALN  model  used  two  input  variables/  (1)  the 
center  of  gravity  of  the  power  distribution  over  the  array  for  the  frequency 
band  from  1.56  to  3.36  HHZ/  euid  (2)  the  ratio  of  power  in  Beams  3  through  7  to 
Beams  7  through  9  for  the  lowest  frequency  band.  It  is  interesting  to  note 
that  this  second  feature  was  also  used  in  the  ALN  0*  depth  model  and  waS/ 
therefore,  an  important  sizing  feature.  Die  average  RMS  error  on  the  length 
estimates  was  36  mils  (184).  with  the  predicted  error  on  unseen  data  being  61 
mils.  A  comparison  of  the  observed  £md  predicted  lengths  is  provided  in  Fig¬ 
ure  5.10  and  again  indicates  very  good  agreement.  In  this  case,  the  largest 
deviation  of  88  mils  corresponds  to  the  80x240-mil  notch,  nie  residuals  for 
the  remaining  defects  were  generally  betvreen  20  to  30  mils. 

The  candidate  features  selected  for  the  30*  EDM  notch  size  characteristics  are 
summarized  in  Table  5.4.  Compeurison  of  this  feature  list  with  that  for  the  0* 
notches  reveals  that  the  differences  between  the  two  featiire  sets  are  con¬ 
cerned  with  the  type  of  defect  response  being  parameterized.  In  the  0*  case, 
the  mode-converted  ('SP')  energy  was  used,  while  in  the  30*  notch  case,  the 
diffracted  ( 'SS' )  response  was  used.  This  choice  of  energy  type  was  consis¬ 
tent  with  the  analyses  performed  earlier  concerning  the  differences  between 
the  0*  and  30*  EDM  notch  responses  recorded  in  the  linear  array.  The  ALN 
model  for  predicting  the  depths  of  the  30*  notches  is  shown  in  Figure  5.11. 
The  input  features  for  this  model  were  both  ratios  of  power  observed  in  one 
beam  to  the  total  power:  (1)  beam  4  frcm  1.56  to  3.36  MHz,  and  (2)  beam  3 
from  2.81  to  3.36  MHz.  The  average  RMS  error  was  approximately  6  mils  (12%) 
for  the  total  sample.  The  predicted  error  for  unseen  observations  «ms  esti¬ 
mated  to  be  12  mils.  These  errors  are  quite  consistent  with  those  reported 


A  A  ^ 

Y  -  -0.64X6  -0.52X16 

Where: 

A 

X  =  (x-x)/a^ 

A 

Y  -  YOy  +  Y 
With  (units  in  mils): 


X6 

35.16 

^X6 

-  3.79 

X16  = 

1.56 

o 

X16 

*  0.56 

Y 

0.20 

-  0.096 

E  - 

0.036 

»  0.061 

Average  Error  >■  18% 


FIGURE  5.9:  ALN  CETERMINED  FOR  0”  EDM  NOTCH  LENGTH  ESTIMATION 
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FBEDICTED  1£NGTH,  MILS 


FIGURE  5.10:  COMPAR£SC»i  OF  OBSERVED  AND  PREDICTED  LENGTHS, 
0*  EDM  NOTCH  DEFECTS 
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TABLB  5.4t  LIST  GF  CAMOIDiiTB  FBATORSS  FOR  THE  30*  RDM  NOTCH  OBFKTS 


Fteture 

NimbT 

X3 

X4 

X5 

X6 

X7 

X8 

X9 

XI 0 

XII 

X12 

X13 

X14 

X15 

X16-X24 

X25-«33 

X34-X42 


Deacription 


Ratio  of  power  in  beams  2,  3,  4  to  total  power 
Ratio  of  power  In  beams  3,  4,  to  total  po%ier 

Ratio  of  power  In  beam  2  to  total  power 

Ratio  of  power  In  beam  3  to  total  power 

Ratio  of  power  In  beam  4  to  total  power 

Ratio  of  power  In  beams  2,  3  to  total  po'wer 

Ratio  of  power  In  beams  1,  2  to  beams  3,  4 

Ratio  of  power  In  beams  2,  3  to  beams  1,  2,  3 

Ratio  of  power  In  beams  3,  4  to  beams  1,  2,  3 

Same  as  features  X7-X15 
Same  as  features  X7-X15 
as  features  X7<-X15 


array 

(Band 

1) 

array 

(Band 

2) 

array 

(Band 

3) 

array 

(Band 

4) 

(Band 

1) 

(Band 

1) 

(Band 

1) 

(Band 

1) 

(Band 

1) 

(Band 

1) 

(Band 

1) 

(Band 

1) 

(Band 

1) 

(Band 

2) 

(Band 

3) 

(Band 

4) 

Total  power  Is  defined  as  the  sub  of  the  Individual  power  represented  In  beams 
1  throu^  4. 

Beam  1  Is  pulse-echo  energy;  bemas  2  through  4  are  diffracted  energy  ('SS')* 
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<  >* 


Where: 

X  «=  (X-X)/ajj 

A  ^ 

y  =  vOy  +  y 


With  .(units  in  mils): 


Xll  = 

0.18 

'^Xll 

0.089 

X28  = 

0.18 

‘^X28 

0.071 

y 

0.05 

II 

0.02 

¥  = 

0.006 

•Ep  = 

0.012 

Average  Error  »  12% 


FIGURE  5.11:  ALN  DETERMINED  FOR  30*  EDM  NOTCH  DEPTH  ESTIMATION 


earlier  for  the  0*  ECM  notches.  A  comparison  of  the  observed  and  predicted 
depths  for  the  30*  notch  samples  is  shown  in  Figure  5.12.  The  deviations 
shown  in  this  illustration  are  generally  quite  small. 

The  ALN  model  determined  for  the  30*  EDM  notch  length  estimate  is  shown  in 
Figure  5.13  and  used  two  input  features:  the  ratio  of  the  power  in  beams  3 
and  4  to  the  total  power  in  frequency  band  2;  and  the  ratio  of  beams  3  and  4 
to  beams  1,  2,  and  3  for  frequency  band  3.  The  average  RMS  error  in  this  case 
was  52  mils  (26%)  for  the  training  data  base.  The  larger  errors  reported  in 
this  case  are  probably  related  to  the  difficulty  in  obtaining  a  highly 
reliable  indication  of  the  scattered  response  at  different  array  locations. 
Another  possibility  \diich  deserves  consideration  is  the  exactness  of  the 
defect  measurements,  especially  the  orientation  of  the  defect.  A  slight 
variation  in  the  nominal  30*  orientation  could  lead  to  significant  changes  in 
the  scattered  field,  which  may  explain  some  of  the  deviations  shown  in  the 
scatter  plot.  Figure  5.14. 

5.3.2  Flat-Bottom  Hole  Size  Estimation 


The  size  estimation  activities  for  the  flat-bottom  hole  defects  consisted  of 
determining  ALM  models  which  could  predict  the  diameter  of  the  hole  defect. 
The  0*  and  30*  orientations  will  be  analyzed  independently  in  this  subsection. 

The  0*  FBH  defects  were  inspected  with  the  Inboard  treuismltter,  which  emits 
a  vertically-traveling  compresslonal  wave  into  the  test  block.  Ultrasonic 
signals  were  recorded  at  receiver  numbers  17  through  46,  and  a  set  of  8  beamed 
outputs  was  generated  representing  beam  numbers  2  through  9,  as  shown  in  Table 


5-24 


5-25 


FIGURE 


1 


Y  =  1.45X17  -  0.95X33 


Where: 

X  =  (X-X)  /O^ 

Y  =  YUy  +  7 


With  (units  in  mils) : 


X17  = 

0.18 

'^X17 

0.063 

X33  = 

1.33 

0.86 

Y  = 

0.200 

'^Y  = 

0.096 

F 

0.052 

S  = 

0.071 

Average  Error  =  26% 


.13:  ALN  DETERMINED  FOR  30®  EDM  NOTCH  LENGTH  ESTIMATION 


i 

1 

I 
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Predicted  Length,  Mils 


420 


•  3:1  (LENGTH-TO-DEPTH) 
05:1  (LENGTH-TO-DEPTH) 


0  60  120  180  240  300  360 

Observed  Length,  Mils 


FIGURE  5.14;  COMPARISON  OF  OBSERVED  AND  PREDICTED  LENGTHS 
30®  EDM  NOTCH  DEFECTS 


5.1.  A  set  of  C2mdidate  features  was  extracted  from  these  beamed  waveforms 
and  Is  shown  in  Tidile  5.5.  It  should  be  noted  that  the  pulse-echo  recording 
was  not  parameterized  In  this  case  because  of  the  difficulty  In  separating  the 
flaw-echo  return  from  the  front  surface  return  of  the  test  block.  Hie  AbN 
sizing  model  determined  from  this  feature  set  is  shown  In  Figure  5.15;  It  used 
features:  the  ratio  of  power  In  beams  5/  6,  and  7  to  the  total  power  for  the 
frequency  band  between  2.81  and  3.36  MHz;  and  the  ratio  of  power  In  beams  7, 
8,  and  9  to  the  total  power  In  the  frequency  band  from  1.56  to  3.36  MUz.  The 
size  of  the  0*  flat-bottom  hole  diameters  ranged  from  3/64  Inch  to  16/64  Inch. 
Hie  two  smaller  defect  echoes  (1/64  Inch  and  2/64  Inch)  could  not  be  reliably 
detected  In  this  case  and  were  not  used  in  the  modeling  exercise.  Hie  average 
BMS  error  was  less  than  1/64  Inch  (9%)  for  the  training  data  base  and  Is  pre¬ 
dicted  to  be  approximately  2/64  Inch  for  unseen  data.  A  scatter  plot  of  the 
observed  diameters  and  those  predicted  by  the  ALN  model  Is  shown  In  Figure 
5.16;  It  Indicates  that  the  model  performed  well,  with  the  deviations  being 
quite  small. 

The  30*  FBH  defects  were  Insonlfled  with  the  outboeurd  transmitter,  and  wave¬ 
forms  were  recorded  at  receivers  23  through  47  within  the  linear  array.  A  set 
of  six  beamformed  conposltes  was  formed  using  these  recordings,  and  features 
were  measured  from  the  beamformed  signals.  A  list  of  the  candidate  features 
used  In  the  ALN  FBH  diameter  modeling  exercise  Is  shown  In  Table  5.6.  The  ALN 
model  resulting  froa  the  training  data  base  of  30*  FBH  defects,  with  diameters 
r^ulglng  from  3/64  Inch  to  16/64  Inch,  Is  presented  In  Figure  5.17.  TWo 
features  were  selected  by  the  ALN:  the  ratio  of  power  In  beams  2,  3,  and  4  to 
the  total  power  for  frequency  band  1;  and  the  same  ratio  for  frequency  band  2. 
The  average  RMS  error  In  this  model  was  approximately  1/64  Inch  (11%)  and 
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TABLE  5.5s  LIST  OF  CANDIDATE  FEATURES  FOR  THE  0* 
FLAT-BOTTOH  iK}LE  DEFECTS 


Ftaature 

NUaber 

X3 

X4 

X5 

X6 

X7 

X8 

X9 

X10 

XII 

X12 

X13 

X14-X20 

X21-X27 

X28-X34 


Description _ 

Center  of  gravity  of  power  distribution  across 
Center  of  gravity  of  power  distribution  across 
Center  of  gravity  of  povfer  distribution  across 
Center  of  gravity  of  power  distribution  across 
Ratio  of  power  In  beams  2,  3,  4  to  total  power 

Ratio  of  po%#er  In  beams  5,  6,  7  to  totasl  power 

Ratio  of  power  In  beams  7,  8,  9  to  total  power 

Ratio  of  power  In  beams  4,  5,  6  to  total  power 

Ratio  of  power  In  beams  3,  4,  5  to  total  power 

Ratio  of  power  In  beams  4«  5,  6  to  beams  1,  6, 

Ratio  of  power  In  beams  2,  3  to  beams  3,  4 

Same  as  features  X7-X13 
Seuae  as  features  X7-X13 
Same  as  features  X7-X13 


array 

(Band 

1) 

array 

( Band 

2) 

array 

(Band 

3) 

array 

( Band 

4) 

(Band 

1) 

( Band 

1) 

(Band 

1) 

( Band 

1) 

(Band 

f) 

9 

(Band 

1) 

(Band 

1) 

(Band 

2) 

(Band 

3) 

(Band 

4) 

Total  power  Is  defined  as  the  sub  of  the  Individual  power  represented  In  beams 
2  through  9. 

Beams  1  through  9  aure  diffracted  energy  ('PP'}. 
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Predicted  Diameter,  64th' s  of  an  Inch 


FIGURE  5.16:  COMPARISON  OF  OBSERVED  AND  PREDICTED  DIAMETERS, 
0*  FLAT-BOTTOM-HOr£  DEFECTS 
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TABLE  S.6;  LIST  OF  CAMDIOATB  P1ATURK8  FOR  THK  30* 
FLAT^CTTGM  iiOLB  DKFKTS 


Ftatura 

HaabT 

X3 

X4 

X5 

X6 

X7 

X8 

X9 

X10 

XII 

X12 

X13 

X14-X20 

X21-X27 

X28-X34 


Centar  of  gravity  of  poMr 
Center  of  gravity  of  potter 
Center  of  gravity  of  power 
Center  of  gravity  of  potter 
Ratio  of  potter  in  beanie  1, 
Ratio  of  potter  in  beaaa  4, 
Ratio  of  potter  in  beana  2, 
Ratio  of  power  in  beams  3, 
Ratio  of  power  in  beams  1, 
Ratio  of  potter  in  beams  2, 
Ratio  of  power  in  beams  1/ 
Same  as  features  X7-X13 
Same  as  features  X7-X13 
Same  as  features  X7-X13 


Description 


distribution  across 

array 

(Band  1} 

distribution  across 

array 

(Band  2) 

distribution  across 

array 

(Band  3) 

distribution  across 

array 

(Band  4) 

2,  3  to  total  power 

(Band  1) 

S,  6  to  total  power 

(Band  1) 

3,  4  to  total  power 

( Band  1 ) 

4,  5  to  total  power 

(Band  1 ) 

2  to  beams  5,  6 

(Band  1) 

3  to  beams  5,  6 

(Band  1) 

2  to  bCMms  3,  4 

(Band  1) 

(Band  2) 

(Band  3} 

(Band  4) 

Total  power  is  defined  as  the  sub  of  the  Individual  power  represented  in  beams 
1  through  6* 

Beam  1  is  pulse-echo  energy;  beams  2  through  6  are  diffracted  energy  ('SS')* 
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mmmm 


y  -  0.42X9  +  0.66X16 


Where: 

X  -  (X-X)/Cjj 

Y  -  YOy  +  7 

With  (units  In  64th's  of  an  Inch) : 


X9 

m 

0.67 

‘^X9 

-  0.098 

X16 

■ 

0.57 

'^X16 

-  0.077 

Y 

9.50 

'^Y 

-  4.03 

E 

* 

1.09 

h 

-  2.38 

Average  Error  ■=  11% 


FIGURE  5.17:  ALN  DETERMINED  FOR  30»  FIAT-BOTTOM-HOLE  DIAMETER  ESTIMATI'ON 
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agrees  quite  well  with  the  error  obtained  from  the  0*  PBH  defects.  A  ccetpari- 
son  of  the  ALN  predicted  diaanters  and  the  true  diameters  is  shoiei  in  Figure 
5. 18. 

5.3.3  Round-Bottom  Hole  Size  Estimation 

The  size  estimation  activities  for  the  round-bottom-hole  defects  were  handled 
in  the  same  fashion  as  those  presented  earlier  for  the  other  defect  catego¬ 
ries)  however,  the  amount  of  data  which  was  recorded  from  the  RBH  defects  was 
significantly  less  than  that  used  in  the  previous  exercises  because  of  the 
difficulties  associated  «rith  detecting  any  scattered  energy.  The  mvefozms 
obtained  from  these  defects  were  obtained  from  both  the  inboard  and  outboard 
transmitters  in  the  pulse-echo  mode.  Efforts  to  record  scattered  signals  at 
other  locations  within  the  array  were  not  successful  even  when  a  large  nvnber 
of  temporal  averages  (100)  was  formed.  This  observation  was  also  made  by  BNW 
in  their  initial  efforts  to  collect  data  from  these  defects  (Lemon,  et  al., 
1980). 

two  waveforms  ware  collected  for  each  defect,  one  from  each  of  the  T/R  groups. 
Features  were  extracted  from  these  recordings  and  are  shown  in  Table  5.7.  The 
AIM  model  for  the  0*  RBH  defect  diameter  estimation  is  shown  in  Figure  5. 19. 
Two  input  varietbles  were  used  in  this  model,  the  total  power  in  the  frequency 
band  from  1.56  to  2.10  MHz  for  the  outboard  recording  and  the  frequency  at 
which  the  1/3  po%Mr  level  was  attained  at  the  inboard  recording.  The  average 
RMS  error  for  the  model  is  1.55/64  inch  (16%).  The  comparison  between  the 
tr\ie  and  predicted  0*  RBH  diameter  values  is  shown  in  Figure  5.20. 
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Predicted  Oiameter,  64th 's  of  an  Inch 
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TABLB  5.7i  LIST  GT  CAMDIOUTS  FBATURBS  FOR  THE  0* 
AND  30*  BOUMD-BOTTCM  HOLE  DEFECTS 


Fttaturs 

MuabT 


D««cription 


X4 

Ratio 

of 

u 

f 

a 

in 

band 

1 

to 

band 

2 

(Outboard  T/R) 

X5 

Ratio 

of 

powar 

in 

band 

1 

to 

band 

3 

(Outboard  T/R) 

X6 

Ratio 

of 

poisar 

in 

band 

2 

to 

band 

3 

(Outboard  T/R) 

X7 

Ratio 

of 

powar 

in 

band 

1 

to 

band 

2 

(Inboard  T/R) 

X8 

Ratio 

of 

powar 

in 

band 

1 

to 

band 

3 

(Inboard  T/R) 

X9 

Ratio 

of 

po%«ar 

in 

band 

2 

to 

band 

3 

(Inboard  T/R) 

X10 

Ratio 

of 

inboard  powar 

to  outboard 

powar 

(Band  1) 

XII 

Ratio 

of 

inboard  powar 

to  outboard 

powar 

(Band  2) 

X12 

Ratio 

of 

inboard  powar 

to  outboard 

powar 

(Band  3) 

XI 3  Tdt«l  jpokwr  in  band  1 

X14  Total  potMr  In  band  2 

XI 5  Total  powor  in  band  3 

X16  Total  powar  in  band  1 

X17  Total  powar  in  band  2 

X18  Total  powar  in  band  3 

X19  Ratio  of  inboard  powar 

X20  Fraquancy  at  which  1/3 

Fraquancy  at  «diich  1/3 


to  outboard  powar 
powar  point  is  raachad 
powar  point  is  raachad 


(Outboard  T/R) 
(Outboard  T/R) 
(Outboard  T/R) 
(Inboard  T/R) 
(Inboard  T/R) 
(Inboard  T/R) 
(Bamd  4) 
(Outboard  T/R) 


X21 


(Inboard  T/R) 


FIGURE 


y  =  0.45X13  +  1.13X21 


Where: 

X  =  (X-X)/ajj 

A,  ^ 

y  =  yOy  +  y 


With  (units  in  64th 's  of  an  inch) : 


XI 3 

a 

0.024 

'^X13 

=  0.016 

X21 

- 

29.93 

'^X21 

=  2.55 

7 

- 

9.50 

=  4.03 

7 

1.55 

=  2.59 

Average  Error  = 

16% 

.19 :  ALN  DETERMINED  FOR  0*  ROUND-BOTTOM-HOLE  DIAMETER  ESTIMATION 
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Observed  Diameter,  64th 's  of  an  Inch 


FIGURE  5.20:  COMPARISON  OF  OBSERVED  AND  PREDICTED  DIAMETERS, 
0®  ROUND-BOTTOM-HObE  DEFECTS 
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The  same  feature  set  shovm  in  Table  5.7  was  used  to  determine  the  ALN  model 
for  the  30*  RBU  diameters.  This  model  Is  presented  In  Figure  5.21.  It  used 
t«K>  Input  features,  the  ratios  of  the  Inboard  and  outboard  powers  In  beuvd  2 
and  In  band  4.  ■nie  average  BMS  error  for  the  30*  SBH  defects  Is  1.31/64  Inch 
(13%),  which  Is  quite  comparable  to  that  of  the  0*  HBH  flaws.  A  scatter  plot 
of  the  observed  and  predicted  values  Is  shown  In  Figure  5.22. 


5.4  SUMMASX 

The  results  presented  In  this  chapter  demonstrate  that  the  characterization  of 
a  defect  signal  can  be  obtained  through  the  use  of  signal  processing  and  ALM 
modeling  techniques.  Zn  general,  the  results  are  In  good  agreement  with  the 
known  defect  characteristics.  The  advantages  offered  by  this  approach  will 
become  more  evident  in  the  next  chapter,  where  a  series  of  conventional  pulse- 
echo  Images  Is  presented. 
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Y  =  0.11X11  -  1.03X25 


Where: 

X  =  (X-X) /a^ 

Y  =  YG^  +  Y 


With  (units  in  64th's  of  an  inch): 


xir  = 

0.99 

'^Xll 

0.12 

X19  = 

24.0 

'^X19 

18.2 

7 

9.85 

•^Y  = 

3.98 

E 

1.31 

^  = 

2.52 

Average  Error  = 

13% 

FIGURE  5.21:  ALN  DETERMINED  FOR  30”  ROUND-BOTTOM-HOLE  DIAMETER  ESTIMATION 


Predicted  Diameter,  64th's  of  an  Inch 


FIGURE  5.22;  CCMPARISON  OF  OBSERVED  AND  PREDICTED  DIAMETERS, 
30°  ROUND-BOTTOM-HOLE  DEFECTS 
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6.  ULTRASONIC  IMAGING 


6. 1  CONVENTIONAL  PULSE-ECHO  IMAGING 


Pulse-echo  Isometric  images  were  made  for  each  of  the  test  blocks  described  in 
Chapter  3  by  Battelle  Pacific  Northwest  laboratories  using  the  ultrasonic 
imaging  system  developed  for  the  Electric  Power  Research  Institute  (Becker,  et 
al.,  1979).  Ilie  outboard  transmitter/receiver  was  used  to  image  the  EDM  notch 
defects  and  the  30*  hole  defects.  The  inboeurd  trcuianitter/receiver  was  used 
to  image  the  0*  hole  defects. 

The  procedures  used  in  forming  these  images  involved  the  ested^lishment  of  a 
reference  echo  amplitude,  so  that  the  amplitudes  of  the  echoes  obtained  from 
the  defects  of  interest  in  this  study  could  be  measured  relative  to  this 
reference.  A  3/64  inch  diameter  FBH  located  in  a  #3  Hitt  block  made  of  4310 
steel  from  eui  ASIM  test  block  set  was  used  as  the  reference  reflector.  A  flat 
3/8  inch  x  3/8  inch,  2.25  MHz  transducer  was  us‘j1  in  conjunction  with  a  KB 
6000  flaw  detection  system  so  that  the  relative  measurements  could  be  obtained 
directly  in  dB.  "nie  returned  echo  height  was  adjusted  to  correspond  to  80%  of 
the  full  screen  height  and  was  set  as  the  0  dB  reference  point.  Ilie  echo  from 
each  defect  in  the  data  base  was  then  obtained  by  maximizing  the  return  using 
the  scanning  bridge.  Ihe  maximum  return  was  then  adjusted  until  the  echo  was 
at  80%  full  screen  height  of  the  KB  6000  and  the  gain  setting  was  recorded. 

The  results  of  these  ced.culations  are  shown  in  Table  6.1.  It  is  interesting 
to  note  that  in  many  cases  the  defect  could  not  be  located  using  the 
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TABLE  6.1:  RELATIVE  ECMO  AMPLITUDES  FROM  TEST  BLOCK  DEFECTS 
Numbers  are  dB  gain  relative  to  the  amplitude  of 
an  ASTM  3/64  FBH 


Hole  diameter  in  1/64  inches,  or  notch  depth  in  10  mil  units. 
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procedures  outlined  above*  Defects  with  effective  echo  amplitudes  smaller 
(positive  entries  In  Table  6.1)  than  the  reference  reflector  amplitude  could 
not  be  Imaged  because  the  acoustic  noise  Inherent  In  the  test  blocks  exceeded 
the  write  level  of  the  Imaging  system.  One  point  worth  noting  Is  the  fact 
that  the  #3  FBH  sample  (3/64  Inch  diameter)  echo  Is  4  dB  below  the  reference 
standard/  which  Is  primarily  due  to  the  higher  attenuation  properties  of  the 
4340  test  blocks. 

Isometric  Images  of  the  12  tf^Jt  blocks  are  shown  In  Figures  6.1  through  6.12. 
Images  of  the  30*  FBH  defects  of  diameter  1/64  Inch  to  8/64  Inch  and  of  the  0* 
and  30*  RBH  defects  of  diameters  1/64  Inch  to  8/64  Inch  could  not  be  obtained 
because  of  reasons  Identified  cOsove.  A  detailed  examination  of  these  Images 
reveed.s  some  rather  Interesting  properties  vAilch  will  be  discussed  below. 

A  visual  comparison  of  the  0*  FBH  images  shown  in  Figures  6.1  and  6.2  does  not 
appear  to  contain  any  Information  related  to  the  relative  size  of  the  Individ¬ 
ual  defects/  even  though  the  diameters  of  defects  range  from  4/64  Inch  to 
16/64  Inch.  Die  area  of  the  Image  pattern  does  not  indicate  any  significant 
veurlatlon  In  size  from  defect  to  defect.  Ihls  phenomenon  is  probably  related 
to  the  beam  spread  of  the  tremsmlttlng  mechanism/  which  distorts  the  effective 
area  of  the  region  being  Insonlfled.  Another  con^arlson  between  Figure  6.2 
(0*  FBH)  and  Figure  6.4  (30*  FBH)  appears  to  offer  some  distinctions  vdilch 
could  be  useful  for  orientation  estimates/  but  no  sizing  Information  could  be 
obtained  In  either  Illustration.  Ihe  same  general  conclusions  stated  above 
for  the  FBH  samples  apply  to  the  RBH  :  -  jes  shown  In  Figures  6.5  through  6.8. 
The  Images  shown  for  the  EDM  notch  defects  (Figures  6.9  through  6.12)  are 
rather  Interesting  In  that  the  shapes  of  these  reflectors  are  quite  compatible 
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ISOMETRIC  IMAGE  OF  BLOCK  2A,  FIAT-BOTTOM  HOLES,  0®, 
1/64-8/64"  DIAMETERS.  Gain  =  37  dB.  At  37  dB  gain 
the  4/64"  FBH  is  at  the  write-threshold  of  40%  full 
screen  height. 


ISOMETRIC  IMAGE  OF  BLOCK  2B,  FLAT-BOTTOM  HOLES 
10/64-16/64"  DIAMETERS.  Gain  -  29  dB. 


FIGURE  6.3:  ISOMETRIC  IMAGE  OF  3LOCK  3A,  FLAT-BOTTOM  HOLES,  30 
1/64-8/64"  DIAMETERS.  Gain  =  50  dB. 


ISOMETRIC  IMAGE  OF  BLOCK  3B,  FLAT-BOTTOM  HOLES,  3C 
9/64-16/64"  DIAMETERS.  Gain  -  46  dB. 


The  level  of  intrinsic  acoustic  reflectors  in  this  block  was  equal 
in  magnitude  to  the  reflections  from  the  round-bottom  holes.  Con¬ 
sequently,  an  ultrasonic  image  could  not  be  obtained. 


FIGURE  6.5;  TEST  BLOCK  4A,  ROUND-BOTTOM  HOLES,  0“,  1/64-8/64" 
DIAMETER. 


FIGURE  6.6:  ISOMETRIC  IMAGE  OF  BLOCK  4B,  SOUND-BOTTOM  HOLES,  0®, 
NOMINAL  9/64-16/64"  DIAMETER.  Gain  »  73  dB. 
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ISOMETRIC  IMAGE  OF  BLOCK  5A,  ROUND-BOTTOM  HOLES,  30°,  NOMINAL 
1/64-8/64"  DIAMETER.  Gain  =  58  dB.  The  dark  band  on  the 
left  is  from  side  lobe  energy  echoing  from  the  back  corner 
of  the  block. 


FIGURE  6.8:  ISOMETRIC  IMAGE  OF  BLOCK  5B,  ROUND-BOTTOM  HOLES,  30 
NOMINAL  9/64-16/64"  DIAMETER.  Gain  -  49  dB. 


ISOMETRIC  IMAGE  OF  BLOCK  6A,  EDM  NOTCHES,  0®,  3:1 
ASPECT  RATIO,  10  TO  80  MILS  DEEP.  Gain  =  40  dB. 


ISOMETRIC  IMAGE  OF  BLOCK  6B,  EDM  NOTCHES,  0®,  5 
ASPECT  RATIO,  10  TO  80  MILS  DEEP.  Gain  *  40  dB 


FIGURE  6.10 


ISOMETRIC  IMAGE  OF  BLOCK  7A,  EDM  NOTCHES,  30®, 
ASPECT  RATIO,  10  TO  80  MILS  DEEP.  Gain  =  40  dJ 


ISOMETRIC  IMAGE  OF  BLOCK  7B,  EDM  NOTCHES,  30®, 
ASPECT  RATIO,  10  TO  80  MILS  DEEP.  Gain  -  40  dB 


with  those  presented  for  the  hole  samples,  even  though  the  geometrical  proper¬ 
ties  of  the  defect  classes  are  quite  different. 

It  Is  evident  that  the  results  obtained  from  conventional  pulse-echo  imaging 
techniques  can  be  Improved  In  a  significant  fashion  through  the  combination  of 
signal  processing  and  ALM  techniques  presented  In  the  previous  chapter.  'Rie 
Improvements  eure  related  to  both  the  defect  detection  and  characterization 
tasks.  For  example,  the  FBH  and  RBH  defects  could  be  detected  quite  consis¬ 
tently  down  to  diameters  of  3/64  Inch,  while  the  threshold  for  the  imaging 
system  was  as  high  as  11/64  Inch  In  diameter.  The  images  obtained  from  the 
pulse-echo  system  contain  very  limited  Information  for  a  reliable  method  of 
defect  classification,  orientation,  or  size  estimation.  The  results  presented 
In  the  previous  chapter  address  each  of  these  characterization  requirements 
with  a  higher  degree  of  certainty;  however,  improvements  In  the  imaging  capa¬ 
bilities  cam  also  be  obtained  by  the  Introduction  of  more  sophlstlcted  tech¬ 
niques.  A  set  of  improved  imaging  techniques  will  be  described  and  evaluated 
In  the  subsection  which  follows. 


6.2  Enhanced  Images 

The  defect  Images  shown  In  Figures  6.1  through  6.12  were  obtained  by  BNW  using 
a  conventional  pulse-echo  Imaging  technique.  'Hie  procedures  used  during  the 
exercise  described  above  were  to  form  a  black/whlte  representation,  where  the 


black  signifies  a  detection  and  the  white  signifies  no  detection.  Since  the 
modified  system  described  In  this  report  possesses  the  capability  of  recording 
the  raw  waveforms  as  well  as  applying  temporal  averaging  to  lnq>rove  the 


signed.- to-noise  ratio,  it  was  decided  to  repeat  the  imaging  exercise  for  a  few 
defects  In  the  data  base.  The  procedures  employed  In  this  exercise  are  out¬ 
lined  below. 

The  sceumlng  bridge  was  used  manually  to  position  the  appropriate  trananltter 
over  the  defect  until  the  maximum  amplitude  response  was  obtained.  Once  this 
position  MBS  located,  the  operator  Informed  the  ALN  4000  of  this  fact,  and  the 
AIJl  4000  moved  the  transducer  0.5  Inch  In  the  X  and  Y  directions  and  Initiated 
Its  acquisition  of  the  ultrasonic  waveforms.  ‘Rie  defect  was  scemned  over  a 
one-square-inch  area,  and  data  were  recorded  with  a  resolution  of  0. 1  Inch  In 
both  directions,  nils  scanning  pattern  Is  Illustrated  In  Figure  6.13. 

A  total  of  121  waveforms  vas  obtained  for  each  defect  sceuined  during  these 
operations.  The  waveforms  were  written  to  magnetic  tape  caurtldges  after  a 
temporal  average  of  10  Individual  recordings  was  obtained.  The  contents  of 
the  tape  cartridge  were  then  treuisferred  to  the  Data  GenereU.  Eclipse  computer 
system  for  plotting  and  off-line  analysis  purposes. 

Using  software  packages  resident  on  the  off-line  computer,  a  sequence  of 
three-dimensional  plots  was  made  of  the  rectified  recordings.  An  example  of 
this  output  for  a  20  X  100  mil  0*  EDM  notch  Is  shown  In  Figure  6.14,  and  for 
an  80  X  400  mil  0*  EDM  notch  In  Figure  6.15.  The  waveforms  presented  In  these 
two  figures  represent  five  positions  along  the  X-axls,  with  the  ten  waveforms 
In  each  grouping  corresponding  to  the  ten  Y-axls  positions.  The  eunplitude 
values  indicated  on  these  plots  have  been  normalized  by  the  maximum  amplitude 
within  a  given  sequence  so  that  the  relative  change  In  strength  as  a  function 
of  position  can  be  seen.  It  should  be  noted  that  the  amplitude  does  decay 


X* 


Location  of  Maximum  Amplitude  Response 
X,Y  Locations  where  Data  Were  Recorded 


-0.5  0.0  0.5 

X  Direction,  Inches 


FIGURE  6.13:  SCANNING  GRID  USED  TO  FORM  IMPROVED  DEFECT  IMAGES 


figure  6.15:  RECTIFIED  WAVEFORMS  OBTAINED  FOR  A  0°  EDM 
NOTCH  DEFECT  OF  SIZE  80  x  400  MILS 
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with  position,  which  would  enable  em  image  to  be  formed  which  would  color  the 
image  in  more  thfui  a  conventional  black/white  fashion.  Ihe  most  logical  way 
to  form  this  colored  image  is  to  weight  the  sc^d.e  from  black  to  vdiite  accord¬ 
ing  to  the  signal-to-noise  ratio  of  the  defect  response.  An  exeunple  of  this 
procedure  is  shown  in  Figure  6.16  for  the  20  mil  and  80  mil  defect  responses 
shown  in  Figures  6.14  and  6.15.  Several  different  views  of  the  images  axe 
shown  so  that  a  more  direct  visual  interpretation  of  the  flaw  characteristics 
can  be  obtained.  'Hie  illustrations  presented  here  provide  a  much  cleeurer 
description  of  the  EDM  notch  responses  than  those  shown  in  Figure  6.10  for  the 
same  defects.  In  fact,  the  indications  of  length  and  deptn  provided  by  the 
different  viewing  positions  tend  to  confirm  a  notch-type  defect.  Representa¬ 
tive  images  were  obtained  for  the  remaining  defects  in  this  test  block  and  eure 
shown  in  Figures  6.17  through  6.19.  The  same  general  trends  identified  above 
are  also  evident  for  these  different  size  £OM  notches. 

Waveforms  were  also  obtained  from  a  13/64  inch  diameter  0*  round-bottom  hole 
using  the  inboard  transmitter  following  the  same  procedures  outlined  ed^ove  for 
the  notch  defects.  The  rectified  waveforms  for  this  defect  are  shown  in 
Fig\ire  6.2  0.  The  mciximum  amplitude  occurred  in  the  middle  scan  and  decayed 
quickly  for  the  RBH  defect.  The  reflection  was  entirely  lost  after  a  movement 
of  0.2  inch.  This  observation  is  consistent  with  the  expected  results, 
because  the  curvature  of  the  defect  causes  a  change  in  direction  of  the  large 
amplitude  reflections.  The  rectified  waveforms  obtained  from  a  10/64  inch  0* 
flat-bottom  hole  defect  are  shown  in  Figure  6.21.  The  defect  amplitude  was 
nearly  constant  in  the  middle  positions,  which  was  expected  from  a  rather 
uniform  reflector.  The  amplitude  decayed  once  4;he  transducer  moved  outside 
the  diameter  of  the  FBH  defect.  Images  of  these  rectified  responses  were  not 
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FIGURE  6.16;  DIFFERENT  VIEWS  OF  0*  EDM  NOTCH  DEFECT  RESPONSES 

(Images  are  Weighted  by  the  Signal~to— Noise  Ratio) 


300 


FIGURE  6.18:  DIFFERENT  VIEWS  OF  0*  EDM  NOTCH  DEFECT  RESPONSES 
(Images  are  Weighted  by  the  signal-to--Noise  Ratio) 


(Images  are  weighted  by  the  signal— to—Noise  Ratio) 


FIGURE  6.20: 


RECTIFIED  WAVEFORMS  OBTAINED  FROM  A  0* 
ROUND-BOTTOM  HOLE  OF  DIAMETER  13/64  INCH 


drawn;  however*  the  images  of  these  defects  would  be  much  narrower  than  those 
presented  earlier  for  the  EDM  notch  defects,  nie  distinguishing  characteris¬ 
tic  between  the  RBH  and  FBH  defect  images  is  the  flatter  amplitude  distribu¬ 
tion  for  the  FBH/  while  a  sharp  ^unplitude  decay  is  visible  for  the  BBH. 

The  images  presented  in  this  section  contain  sufficient  Information  to  assist 
eui  £uaalyst  in  his  visual  interpretation  of  the  flaw  characteristics.  A  cceibi- 
nation  of  these  improved  images  with  the  characterization  activities  described 
in  the  previous  chapter  could  prove  to  be  a  very  importemt  tool  for  many 
nondestructive  evaluation  applications.  A  more  stringent  application  of  these 
techniques  will  be  described  in  the  section  which  follows. 

6.3  SFBCIAI.  TESTS 

The  defects  considered  thus  far  in  this  report  are  types  that  have  been 
machined  into  steel  test  blocks.  Ihese  flaws  eure  rather  smooth  and  symmetri¬ 
cal,  whereas,  in  reality,  flaws  are  often  characterized  by  multiple,  adjacent 
defects  and/or  highly  irregular  shapes.  Tvs?  special  cases  have  been  consid¬ 
ered  and  are  discussed  in  this  section.  One  case  concerned  the  placement  of  a 
series  of  multiple  eurtificial  defects  close  to  each  other  to  determine  if  any 
indication  of  these  multiple  targets  v«as  present  in  the  reflected  signals. 
The  second  case  involved  the  detection  of  a  fatigue  crack  in  a  test  block. 

A  series  of  four  EDM  notches  was  placed  into  four  Aluminum  test  plates 
according  to  the  specifications  shovm  in  Figure  ^6.22.  Cases  1,  2,  and  3 
involved  EDM  notches  of  constant  depth,  but  the  spacing  betv<een  the  defects 
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varlsd  fron  150  to  50  mils.  Case  4  consisted  of  fovir  notches  of  different 
depths,  with  a  50-iail  spacing  between  the  defects* 

Ultrasonic  waveforms  were  collected  from  each  of  these  plates  using  the  out¬ 
board  transmitter/receiver.  The  tranamitter/receiver  was  moved  a  distance  of 
4  0  mils  across  the  top  of  the  notches  for  each  successive  collection*  The 
waveforms  ^u^e  shown  in  Figure  6*2  3  for  each  of  the  four  test  cases*  These 
waveform  sets  exhibited  some  very  interesting  characteristics  which  could  be 
used  to  obtain  information  relative  to  the  defect  sequences* 

In  Case  1,  the  position  of  the  maximum  amplitxide  changed  as  the  transducer  was 
moved  across  the  defect  sequence.  In  some  of  the  waveforms  obtained  for  this 
case,  a  double  peak  appeared,  vrtiich  may  lead  an  analyst  to  conclude  that  multi¬ 
ple  defects  were  present*  The  sxnaller  defect  spacing  for  Case  2  appeared  to 
manifest  itself  as  a  sharp  increase  in  the  duration  of  significant  energy; 
however,  the  fine  50-mil  spacing  for  Case  3  was  difficult  to  detect  through  a 
visual  comparison  of  the  defect  responses.  The  waveforms  obtained  for  Case  4 
presented  a  rather  unique  pattern.  In  some  instances,  two  distinct  arrivals 
were  seen,  while  in  the  later  waveforms,  the  individual  arrivals  appeared  to 
coincide  in  time* 

The  purpose  of  these  tests  was  to  determine  if  any  information  could  be  ob¬ 
tained  from  the  Aluminum  test  plates  which  could  be  used  to  infer  the  presence 
of  multiple  defects.  The  positional  responses  shown  for  these  tests  certainly 
deviated  from  the  single  defect  responses  shown  in  earlier  sections*  The 
deviations  could  be  used  to  justify  more  detailed  examinations  of  the  flaw 
areas  to  determine  if  any  additional  quantitative  information  could  be  derived 
from  the  ultrasonic  echoes. 
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FIGURE  6.23:  COMPARISON  OF  WAVEFORMS  RECORDED  FROM 
THE  FOUR  ALUMINUM  TEST  PLATES 
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Ilia  sacond  spacial  test  was  ralatad  to  a  fatigue  crack  placed  in  a  steel  block 
(EPRI  Block  EFT-18).  Two  fatigue  cracks  are  located  in  this  test  block,  nie 
rectified  waveforms  obtained  from  the  larger  defect  are  shown  in  Figure  6.24. 
It  is  interesting  to  note  that  this  crack  is  not  a  simple  defect  but  consists 
of  several  distinct  cracks.  This  fact  was  essentially  verified  by  the 
waveforms  shown  in  this  figure.  The  amplitude  of  the  insonified  region  rises 
and  falls  throughout  the  scan.  Ultrasonic  images  were  prepared  for  this 
fatigue  crack  and  are  presented  in  Figure  6.2  5.  nie  complexity  of  this  crack 
is  clearly  depicted  in  these  images:  several  local  maximum- amplitude  and 

(tin imush* amplitude  regions  can  be  seen. 

The  special  tests  performed  during  this  project  were  designed  to  demonstrate 
potential  field  applicability  of  the  developed  techniques.  The  evaluations 
described  in  this  section  were  not  totally  exhaustive  but  do  indicate  that  the 
results  obtained  from  the  machined  specimens  can  be  applied  to  more  complex 
defect  geometries  to  obtain  some  information  which  would  assist  the  analyst  in 
defect  characterization. 
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FIGURE  6.25:  DIFFERENT  VIEWS  OF  THE  FATIGUE  CRACK  LOCATED  IN' 
EPRI  BLOCK  EPT-18  (Images  are  weighted  by  the 
signal-to-noise  ratio.) 
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7.  CONCLUSIONS  AND  RECOMMENDATIONS  FOR  FUTURE  WORK 

Results  obtained  during  the  performance  of  this  project  indicate  that  signifi¬ 
cant  improvements  in  capabilities  of  existing  ultrasonic  imaging  systems  can 
be  obtained  through  a  ccmbination  of  linear  array  technology,  signal  proces¬ 
sing,  and  Adaptive  Learning  Network  modeling. 

A  large  aperture  linear  array  has  been  used  to  record  the  pulse-echo  signal  as 
well  as  the  diffracted  amd  mode- converted  signcils  resulting  frcm  the  interac¬ 
tion  of  the  input  sound  wave  and  the  defect.  The  availeibility  of  these 
various  signal  types  was  extremely  helpful  in  the  defect  characterization 
activities.  Both  temporal  and  spatial  becunforming  algorithms  were  applied  to 
the  recorded  waveforms  and  were  successful  in  improving  the  signal-to-noise 
ratios  of  the  defect  responses.  Detection  of  the  defect  responses  was  accom¬ 
plished  by  means  of  an  advanced  algorithm  which  was  much  more  sensitive  to  the 
smaller-sized  defects  than  the  conventional  pulse— echo  imaging  system.  Hie 
use  of  the  ALN  methodology  in  defect  characterization  has  been  shown  to  be  far 
superior  to  conventional  schemes  in  which  defect  characteristics  are  inferred 
from  an  ultrasonic  image. 

The  activities  described  above  can  be  incorporated  into  an  automatic  system  to 
provide  information  directly  to  the  analyst  concerning  detection  and  charac¬ 
terization  of  flaw  responses.  This  is  a  primary  area  recommended  for  future 
development.  Other  areas  of  recommended  future  work  concern  investigation  of 
phase-steered  and  focused  transmitters,  incorporation  of  more  elcJsorate  scan¬ 
ning  mechanisms  (including  variedile  transducer  emergent  angles),  and  testing 
of  algorithms  developed  under  this  program  on  a  specific  application  of 
interest. 
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